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 Summary 
 
This work focuses on the analytical applicability of capillary 
electrophoresis (CE) in the analysis of natural products, which offer a vast 
and virtually unlimited source of new agents for both the pharmaceutical 
and agrochemical industries. Alkaloids were studied as emphasis in the 
thesis. With the high separation efficiency and resolution, CE has been 
proven a powerful method for the analysis of natural products.  
Five heavy metals in tea were separated and determined in 10 min by a 
single run with correlation coefficients (R2) greater than 0.999. Detection 
limits (S/N=3) of Co, Fe, Cu, Zn and Ni varied from 6 µg/L to 30 µg/L. 
Toxic alkaloids in two herbal medicines were investigated. CE buffers 
were optimized to achieve best selectivity, efficiency, resolution and 
shortest possible analytical time. The preparation procedures of these 
two herbal medicines were studied further by applying Capillary 
Electrophoresis - Mass Spectrometry (CE-MS) method.  
Nonaqueous Capillary Electrophoresis (NACE) was applied for the 
separation of alkaloids. To improve the detection limits of alkaloids, a 
Transient Isotachophoresis (tITP) procedure was developed for on-line 
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concentration of samples containing alkaloids, which indicated the 
possibilities of applying hydrophobic compounds as terminating ions. The 
limit of detection (LOD) was enhanced by about 8-10 times. 
Since the miniaturization has received considerable attention in the 
recent development of CE. The use of microfabrication techniques to 
construct CE system on a chip was explored.  Alkali metals and 
alkaloids were determined successfully on a home-made microchip. The 
chip-CE system shows several advantages, such as simplicity, 
miniaturization and wide applicability. 
There are many types of natural products. CE is a versatile analytical 
technique that can be used to analyze different components in different 
types of natural products by modifying/optimizing the separation, 
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 Chapter 1   Introduction 
 
1.1 Principles and historical perspective of Capillary 
Electrophoresis  
Since the introduction of capillary electrophoresis (CE) in 1980s by 
Jorgenson, the good performance and relatively simple instrumentation 
quickly make CE one of the most attractive research areas. CE allows the 
separation and determination of both ionic and neutral compounds with or 
without organic solvents. The amount of sample required is in the 
nano-liters range. Compared with high performance liquid chromatography 
(HPLC), CE is simpler, faster and has higher separation efficiency. Having 
made great impact on numerous scientific fields, CE has gradually evolved 
into a fully fledged analytical technique. The miniaturization of CE on a chip 
indicates a further direction for the achievement of a fully manipulated 
analytical platform. At the same time, the drawbacks of CE compared with 
HPLC on low concentration sensitivity, which is due to the small sample 
quantity and the short light path in the conventional optical absorbance 
detector, will continue to be a topic in the CE development. 
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 1.1.1 Basic Principles 
Capillary electrophoresis has become one of the most exciting and useful 
separation methods so far. It differs from other separation methods, such 
as Gas Chromatography (GC) or HPLC, in that it uses different migration 
speeds of charged particles under an electrical field to achieve the 
separation of components from a mixture.  
In a CE system, two ends of the capillary are connected to electrodes, 
which are connected to a high voltage power supply. The capillary ends 
are placed into buffer reservoirs, and the capillary is filled with a buffer 
identical to that in the reservoirs (except in the case of isoelectricfocusing). 
At the beginning of a common run, a small amount of sample is introduced 
(by pressure or electrical field) into the buffer-filled capillary. Then, a 
voltage is applied to the two sides of the capillary. Different components in 
the sample zone move with different mobilities under the influence of the 
electrical field, and are separated in the capillary. After the zones 
containing different components pass through a detector, an 
electropherogram is acquired and every component will have its own peak 
if the resolution is sufficient enough. Better resolution can be achieved by 
adjusting factors such as the buffer pH value, ion strength, the type or 
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quantity of other additives in the buffer and applied voltage. Those factors 
can influence the mobilities of charged molecules/particles moving in 
electrical field [1-4].  
 
Separation by electrophoresis is based on the mobility differences of 
analytes in an electric field. The velocity of an ion can be given by the 
following equation: 
µ = µe E                    (1.1) 
where; 
µ : ion mobility; 
µe : electrophoretic mobility; 
E : applied electric field. 
 
µe may be defined as follows:  
µe = q / 6πηr                    (1.2) 
where;  
q : ion charge; 
η: solution viscosity ; 
r : ion radius. 
 
The analytical parameters for CE can be described in similar terms as 
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those for HPLC. The migration or retention time of an analyte means the 
required time for its migrating from injection point to detection window.  
The separation efficiency, expressed in the number of theoretical plates 
(N), can be defined using the following equation: 
N = (L/σ)2                    (1.3) 
where:  
L : distance from injection point to detection point; 
σ: total spatial variance of the concentration profile of the zone. 
 
If the peaks acquired are close to symmetrical, the theoretical plate 
number can also be calculated from the electropherogram using the 
following equation: 
N = 5.54 (t/w1/2)2                    (1.4)
where; 
t : migration time; 
w1/2 : temporal peak width at half of the peak height. 
 
1.1.2 Electroosmotic Flow (EOF) 
Capillaries used in CE usually have internal diameters  ranging  from 25 
µm to 100 µm. Comparing to conventional gel electrophoresis, CE offers 
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some significant benefits. For example, very small amount of sample is 
needed and joule heat is limited due to the small current and efficient heat 
dissipation. In conventional slab gel electrophoresis, this Joule heat can 
cause a convention current, which mixes the zones and leads to band 
broadening. Joule heating therefore limits the operating voltages used in 
conventional slab gel electrophoresis, and produces longer analysis times. 
Performing electrophoresis in a capillary allows the heat to be effectively 
dissipated through the capillary walls and subsequently reduces any 
convection related band broadening. This improved heat dissipation 
means that higher operating voltages can be used in CE, which 
significantly reduces analysis times. 
Moreover, with the small diameter of capillary, the application of the 
mechanism – EOF becomes important. During CE separation, there are 
fixed charges on capillary internal surface. These fixed charges can 
interact with the freely moving charges in the surrounding solvent and 
result in a movement of the surrounding solvent toward the electrode that 
has the same charge as capillary internal surface. A fused-silica capillary 
contains silanols that can ionize in contact with basic, neutral or even weak 
acidic electrolyte solutions (Figure 1.1). This dissociation produces three 
layers at the interface between the internal wall and the buffer solution: the 
negatively charged silica, the immobile layer, and the diffuse layer 
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containing cations that tend to migrate toward the cathode. The migration 
of cations results in the migration of whole buffer solution through the 
capillary; this migration is the EOF. Since the driving force of EOF is 
uniformly distributed along the capillary internal wall; EOF can provide a 
plug-like flow profile in contrast with the parabolic flow profile of pressure 
driven flow and lead to better resolution.  
 
 
Fig. 1.1 Process of silanol dissociation 
 
EOF causes the same direction movement of entire contents in the 
capillary. With suitable parameters, EOF can be significantly greater than 
the electrophoretic mobility of the individual ions contained in the sample. 
That makes the analysis of positively charged, negatively charged, and 
neutral components possible in a single system. Although anions are 
electrophoretically attracted toward the anode, they are carried toward the 
cathode with EOF. Cations with the highest charge/mass ratios will migrate 
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first, followed by the cations with reduced ratios. Next, neutral components 
migrate with the same velocity as the EOF, and finally, the anions migrate. 
Electroosmotic mobility (µeo) can be described by the following equation:  
µeo = (εζ) / (4πη)                    (1.5) 
where; 
ε: permittivity of the solvent; 
ζ: (zeta) potential; 
η: solution viscosity. 
 
The velocity of the EOF, veo, is described by equation 1.6: 
veo = µeo  (V/L)                    (1.6) 
where; 
V: applied voltage; 
L: capillary length. 
 
Electroosmotic flow is important in CE and must be controlled. A rapid EOF 
may result in the elution of the analytes before separation has finished. 
Conversely, a slow EOF may cause a long migration time.  
Successful separations are usually obtained when both EOF and analyte 
mobility properties are optimized. To control the EOF and suppress  
analyte-wall interactions, coating or modification on the inner walls of 
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separation capillaries is performed to change the negatively charged 
character of fused-silica capillaries. After coating, the capillary can be used 
to achieve fast separations or optimal resolution of species determined. 
There are mainly two classes of coating methods, dynamic coating that 
builds equilibria between the buffer and capillary surface, and permanent 
coating that generates a stable and undisrupted coating layer. Table 1.1 
lists several methods for controlling EOF [1]. 
 
1.1.3 Modes of CE 
There are several different modes of CE that can be performed using same 
CE instrument. Different modes can be achieved by simply changing the 
separation medium in the capillary or making a coating on the capillary 
internal wall. Table 1.2 presents six common modes, and a brief 
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Table 1.1 Methods to Control Electroosmotic Flow 
 





Efficiency and resolution may 
decrease when lowered.  
Joule heating may result when 
increased. 
Buffer pH EOF decreased at 
low pH and increased 
at high pH 
Most convenient and useful 
method to change EOF.  







High ionic strength generates 
high current and possible Joule 
heating.  
Low ionic strength problematic for 
sample adsorption. 
May distort peak shape if 














Complex changes, effect most 
easily determined experimentally. 
May alter selectivity. 
Surfactant Adsorbs to capillary 
wall via hydrophobic 
and/or ionic 
interactions 
Anionic surfactants can increase 
EOF.  
Cationic surfactant can decrease 
reverse EOF. 




Adsorbs to capillary 
wall via hydrophobic 
interactions 
Decrease EOF by shielding 




Chemical bonding to 
capillary wall 
Many modifications possible 
(hydrophillicity or charge).  
Stability often problematic. 
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 Table 1.2 Different Modes of High Performance Capillary 
 Electrophoresis 
 




Separation is based on differences in the 
electrophoretic mobilities of the solutes, 
resulting in different velocities of migration of 
ionic species in the electrophoretic buffer 




Separation is based on differences in solute 
size, as analytes migrate through the pores of 





The main separation mechanism is based on 
solute partitioning between the micellar phase 
and the solution phase. This technique provides 
a way to resolve neutral molecules as well as 





The capillary is packed with a chromatographic 
packing that can retain solutes. The separation 
is based on the normal distribution equilibria 





Substances are separated on the basis of their 




Separation is performed in a discontinuous 
buffer system. Sample components condense 
between leading and terminating constituents, 
producing a steady-state migrating 
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1.1.4 Trends in the development of CE  
Though CE possesses a lot of advantages such as simple instrumentation, 
short analytical time, less organic solvent required, higher separation 
efficiency; it has an undesirable drawback also. As a principle of 
chromatography methods, the area of a peak is proportional to the 
amount of the component present in the sample; this makes it possible to 
perform quantitative analysis. Compared to HPLC, an advantage of CE is 
that only a minute amount of sample is needed, typically a few nano-liters.  
However, the advantage leads to a drawback – the unsatisfactory 
sensitivity, especially for analysis of compounds present at low 
concentration.  
Resulted from the need for better sensitivity, plenty of studies were 
performed to make large sample-loading amount possible without the loss 
of separation efficiency [5-7]. Those methods include: field-amplified 
sample stacking [8-10], acetonitrile stacking [11,12], large-volume sample 
stacking [13,14], pH-mediated stacking [15-17], sweeping [18-20], 
isotachophoresis-CZE [21] and transient isotachophoresis [22-23].  
Those methods are achieved by utilizations of various processes similar 
to the term - "stacking", which can reduce the width of the sample zone 
before separation and result in improved sensitivity (since the sample is 
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locally concentrated) and increased separation efficiency. Under these 
circumstances, a period for sample concentration is designed usually 
before the normal separation step. For example, the field strength is 
higher in the sample zone than in the rest of the capillary filling with 
electrolyte buffer. Thus, the sample ions move forward rapidly in the 
sample zone until they encounter a boundary after which they will 
experience lower field strength and their migration rates will slow down. 
This will make the sample zone focused.  
A suitable detector is also crucial for improving the sensitivity. The most 
commonly used detector applied for CE is UV detector, but many 
components do not show enough response due to their weak UV 
adsorption. From this point, the universality of detectors is of importance. 
On the other hand, the selectivity of detectors is an important concern. If 
the detector is aimed at the exclusive properties of the analytes, better 
baseline can be obtained since most interferences are filtered, it definitely 
leads to a better detection limit.  
So far, many detection methods have been developed for CE analysis. 
The fundamental schemes fall into three categories: optical (such as UV 
absorptive and fluorescent) detectors, electrochemical (such as 
conductivity, potentiometric and amperometric) detectors and various 
hyphenating (typically mass spectrometric) detectors [24]. The main 
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characters of optical detectors are summarized in Table 1.3 [4], and the 
mechanisms of four electrochemical detectors are listed in Table 1.4. 
Besides those three classes of detection methods, indirect detection is 
also an attractive choice for CE when other methods are not available. 
 
































10-14~10-16 10-7~10-9 100 amol (5 × 10-9 
M ) ATP 
Refractive 
index 




10-15~10-18 10-5~10-7 8 amol (1 × 10-5 M) 
DABSYL –amino 
acids 
Radioactivity 10-14~10-18 10-6~10-10 88 zmol 32 P 
Raman 10-12~10-15 10-3~10-5 500 amol (1 × 10-7 
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 Table 1.4 Mechanisms of four main electrochemical detections 
 
Methods Mechanisms 
Amperometry Current is measured at a working electrodes as 
analytes undergo oxidation or reduction 




A rapid potential sweep is applied to the working 
electrode in the range in which the analyte is 
oxidized or reduced. 
Potentiometry Potential differences between ion-selective 
electrodes and reference electrode are 
monitored. 
Conductivity Solution flows between two inert indicator 
electrodes. A small constant current is applied 
and the potentials across the electrodes are 
measured and compared.  
 
 
Miniaturization is playing an increasing role in the development of CE. It 
may change the pattern of conventional CE and bring about a new 
appreciation of simple and low-cost technique. As introduced by Manz 
and Widmer in 1990 [25,26], Miniaturized Total Analysis System (µ-TAS) 
will perform all the component stages of a complete analysis in an 
integrated and automated fashion. These stages can include sampling, 
sample pre-treatment, chemical reactions, analytical separation, analyte 
detection, product isolation and data analysis. Typically, a µ-TAS is a 
microchip or micro-device fabricated using conventional micromachining 
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technologies. The miniaturization of µ-TAS system demonstrates the 
enormous analytical potentials, such as reduced reagent consumption, 
greater separation efficiencies, larger throughput, better component 
integration and the feasibility of automation [27-29].  
Though a microfabricated GC was developed in 1979 [30], the utility and 
design of microchip for chemical analysis were practically established with 
a CE system in 1990 [25]. CE with electrokinetic control of fluids 
eliminates the need for valves and pumps that are difficult to construct and 
interface to microchip system. CE in the microchip format also allows the 
use of high separation field strengths because the materials typically used 
to construct the microchips are very efficient in dissipating heat.  During 
the past decade, chip-based microdevices have become generally 
accepted in various emerging application fields of genomics and 
proteomics, especially in the DNA separation. DNA sequencing on a chip 
was first demonstrated with a microfabricated channel array in 1995 [31]. 
Ramsey’s group [32,33] had demonstrated the complete integration of 
thermal cell lysis, PCR amplification, electrophoresis analysis and labeling 
for fluorescence detection on a single microchip. On the other hand, high 
throughput DNA analyses were achieved by several research groups with 
multi separation channel systems [34-36]. So far, numerous research 
groups are working in the field for their ultimate goal – the achievement of 
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a true µ-TAS system. 
 
1.2 Natural products and relevant CE applications 
Natural products are the organic and inorganic compounds found in nature: 
in plants, in marine organisms, in the microbial fauna found in highly 
diverse and sometimes extreme environments, and in the soil [37-39]. The 
naturally occurring organic chemical compounds are especially interesting 
and intriguing to chemists due to their important functions as structural 
materials and biologically active molecules [40-42]. To some extent, the 
development of pharmaceutical industry relies closely on the 
understanding of natural products. Plenty of drugs, such as Penicillin, taxal, 
morphine, were developed from natural products. The research procedure 
for natural products normally contains following steps: isolating 
compounds from biological sources, purifying, elucidating the molecular 
structure and the finally chemical synthesis.  
Compounds found in natural products can be identified as products of 
primary metabolism (for example, carbohydrates, nucleosides, amino 
acids and the polymers derived from them) or as products of secondary 
metabolism (phenolics, terpenoids, steroids, alkaloids and so on).  
Several important groups of natural products are described respectively as 
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below. Because of the high resolving power, CE is well suitable for 
analyzing the complex mixture of components existed in a natural product 
extract. The applications of CE in relevant fields are briefly introduced. 
 
Carbohydrate 
The name “carbohydrate” was first introduced in the 19th century since it 
stands for the stoichiometry Cn(H2O)n. Many carbohydrates are sweet and 
that is why they were named “sugars” sometimes. The most important 
carbohydrates among common carbohydrate or so called 
“monosaccharide” is glucose, though the simplest monosaccharide may 
be glyceraldehydes. The aldehyde or keto groups cyclize spontaneously 
with the hydroxy groups in monosaccharides will form half-acetals or 
half-ketals structures, this group was called cyclic monosaccharide, for 
example β -D-Glucopyranose [39, 40]. Figure 1.2 lists the molecular 
formula of three basic monosaccharides. 
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 Fig. 1.2 Three basic monosaccharides 
 
Monosaccharides usually exist in nature in the form of polymers, for 
example, the polymerization of glucose produces cellulose and starch. 
Those polymers are named as “polysaccharides”. Between 
monosaccharides and polysaccharides, there are disaccharides and 
oligo-saccharides also. 
Many reports had investigated the application of CE in the analysis of 
carbohydrates and their derivatives [43-47]. Furthermore, the roles of 
carbohydrates are not simply the analytes in CE; two classes of 
carbohydrates, cyclodextrin and modified polysaccharides, have 
profoundly influenced the development of CE.   
Linking D-glucose units together with α-1, 4 linkages means that the 
growth of the polysaccharide follows a helical path. When a glycosidic 
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bond forms between its beginning and end of the growing polymer chain; a 
cyclic polysaccharide, known as cyclodextrins, is acquired. Figure 1.3 
presents the structure of one such compound, γ -cyclodextrin which 
contains eight D-glucose units.  
Cyclodextrins are natural products formed by the action of enzymes called 
cycloglucosyltransferases, CGTases, on starch. Cyclodextrins play 
important roles in host-guest interactions, and serve as hosts for a variety 
of small molecules. The number of monomer units in the macrocyclic ring 
determines the size of the cavity available to the guest. The ability of 
cyclodextrins to "encapsulate" small molecules has led to a lot of 
interesting applications in CE: Chiral separation and Cyclodextrin-MEKC. 
Cyclodextrin is an electrically neutral compound with its hydrophilic outside 
surface; it does not interact with the micelle. Therefore, cyclodextrin in the 
micellar solution exists as another phase, which migrates with the velocity 
of neutral markers and is capable of selectively solubilizing certain 
analytes depending on their size, shape, and hydrophobicity. When a 
highly hydrophobic substance, which is insoluble in water, is injected into 
the Cyclodextrin-MEKC system, it will distribute itself between the micelle 
and the cyclodextrin cavity [2]. 
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 Fig. 1.3  Illustration of γ-cyclodextrin 
 
Another class of interesting carbohydrates, which is important to the DNA 
separation by CE, is the modified polysaccharides. Since the biopolymers 
DNA, RNA have almost constant charge/size ratio, and electrophoresis 
separation can’t occur in free solution; a separation matrix is usually 
introduced to separate DNA on the basis of size differences. In the DNA 
separation by CE, such a matrix can work as polymer solutions instead of 
cross-linked polymers. Successful separation matrices resulted from 
natural resources include: agarose and its derivatives with low gelling 
temperature [48,49] and various cellulose derivatives such as methyl 
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cellulose[50-52], hydroxyethyl cellulose [53,54],  hydroxypropyl cellulose 
[51, 55] and hydroxypropylmethyl cellulose [51].  
 
Nucleosides, nucleotides and nucleic acids 
Nucleosides usually consist of a nitrogenous base linked by a glycosidic 
bonded to Carbon -1 of a cyclic monosaccharide. Nucleotides are simply 
the phosphoric acid esters of nucleosides. Nucleosides and nucleotides 
become the important objects in biochemistry and molecular biology since 
they are the fundamental components of deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA), which write a code that describes our entire body 
plan. Figure 1.4 illustrates the structure and connection of nucleotides in 
DNA molecules. 
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Fig. 1.4. Structure and connection of nucleotides in DNA molecules. 
 
There are four different types of nitrogenous bases in DNA that we call 
Adenine (A), Guanine (G), Cytosine (C) and Thymine (T). Different 
nucleotides have different nitrogenous bases and corresponding 
nucleosides, this is why and where four types of nucleotides are different. 
DNA chains are made by chemical bonds among those nucleotides. The 
sugar rings are linked together with phosphate bridges to form 
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"single-stranded" nucleic acid. Further, double-stranded DNA is formed 
from two chains of single- stranded DNA, which stick together with a slight 
twist and their "bases" can interact with each other. This construction was 
confirmed by Waston and Crick in 1953.  
DNA sequencing and typing were developed remarkably in the past 
decade. The Human Genome Project was initiated in 1990 and originally 
planned to last 15 years, but effective resource and technological 
advances have accelerated the completion date to 2003. CE is gradually 
becoming one of the imperative tools for DNA sequencing [56,57]. 
Moreover, CE technology owns a brilliant prospect in the forensic science 
[58-61]. It is used in both the conviction of guilty offenders and the 
appraisal of the consanguinity. 
 
Amino acids, peptides and proteins 
Proteins are very important to life, the complex molecules of proteins are 
made of L- amino acids, which are carboxylic acids with an amino group at 
its α-position. Amino acids can form polymers as a result of the amino 
group of one amino acid reacting with the carboxyl group of a second 
amino acid to form an amide bond (Figure 1.5). Amino acid polymers can 
be composed of any number of amino acids. The smaller polymers are 
called peptides and the larger ones are proteins. A particular protein has a 
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particular sequence of L-amino acids, and also a well-defined 
three-dimensional structure. 
Peptides and proteins serve essential functions in biological systems, for 
example, to protect biological organisms from their environment or give 
strength to biological structures. Proteins are also responsible for many 
physiological functions, and certain proteins (called enzymes) catalyze the 
chemical reactions that occur in living organisms.  
 
 
Fig. 1.5 Formation of an amide bond between two amino acids. 
 
CE is especially suitable for the separation of proteins and peptides. So far, 
many different modes of CE had been developed to separate proteins and 
peptides, such as, CZE [62-65], MEKC [66,67], CITP [68,69], affinity 
capillary electrophoresis [70-72], CE on chip [73-75]. Cereal proteins and 
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alcohol-soluble proteins were analyzed by CE methods successfully 
[76,77]. UV detection remains the most simple and common detection 
mode in CE of proteins and peptides, but other detection modes were also 
very helpful for more sensitive analysis [78,79], such as Laser-induced 
fluorescence (LIF) and MS.  
 
Fatty acids and the derivatives 
Fatty acids are of the greatest importance as components in lipids, a term 
which recognizes their insolubility in water. Alkaline hydrolysis of lipids will 
yield the alkali metal salts of fatty acids, which are long chain carboxylic 
acids, together with the alcohol component of the lipid. These long-chain 
carboxylic acids are generally referred to by their common names, which in 
most cases reflect their sources.  
Natural fatty acids may be saturated or unsaturated. Usually, the saturated 
acids have higher melting points than unsaturated acids of corresponding 
size. The higher melting points of saturated fatty acids indicate the uniform 
structures of the molecules. To describe precisely the structure of a fatty 
acid molecule, one must give the length of the carbon chain (carbon 
numbers), the number of double bonds and also the exact position of these 
double bonds, this will define the biological reactivity of the fatty acid 
molecule and even of the lipid containing these fatty acids. 
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The first CE separation of fatty acids was performed in 1994 [80]. Since 
then, more than 70 studies have been reported. 
 
Terpenoids 
The terpenoids (or isoprenoids, terpenes) are a structurally and 
functionally diverse class of compounds. Terpenoids are constructed from 
5-carbon building units and so comprising compounds with C5, C10, 
C15,…,C40 skeletons. 
The terpenoids constitute the largest class of natural products. A majority 
of them are found only in plants, but some of the larger and more complex 
terpenoids (e.g. squalene & lanosterol) occur in animals. The various 
terpenoid classes can be based on the number of carbon atoms they 
contain: monoterpenoids (10 carbons), sesquiterpenoids (15 carbons), 
diterpenoids (20 carbons), triterpenoids (30 carbons) and tetraterpenoids 
(40 carbons).  
There are only a few publications on CE analysis of terpenoids compared 
to previous classes of natural products. The mixtures of sulfated 
β-cyclodextrins and native α-cyclodextrin as chiral additives had been 
evaluated for the chiral resolution of neutral, cyclic and bicyclic 
monoterpenes, including alpha-pinene, beta-pinene, camphene and 
limonene [81]. 
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 Steroids 
The important class of lipids called steroids is actually metabolic 
derivatives or a subclass of terpenoids, but they are customarily treated as 
a separate group since their outstanding importance in chemistry, biology 
and medicine. Steroids may be recognized from their tetracyclic skeleton, 
consisting of three fused six-member rings and one five-member ring 
(Figure 1.6). The R1 group is commonly methyl or hydrogen, R2 is usually 







Fig. 1.6 Structure of Steroids 
 
Though steroids are a subclass of terpenoids, analysis of steroids by CE 
[82-84] has drawn more attention from researchers due to their importance 
in chemistry, biology and medicine.    
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 Alkaloids 
Alkaloids usually are nitrogen heterocycles (or cyclic nitrogen-containing 
molecules in a negative oxidation state). So far, none of definitions for 
alkaloids seems to be totally satisfactory, since not all alkaloids have to be 
heterocyclic or even cyclic. 
Alkaloids occur mainly in plants as their salts of common carboxylic acids, 
but alkaloids have been found in mammals too, mostly in the form of 
hydroxylated tyrosine or tryptamine derivatives [85]. Alkaloids are renown 
for their potent pharmacological activities.  Whilst tiny amounts of some 
can immobilise an elephant or a rhinoceros, others have important clinical 
use such as analgesics, antimalerial, antispasmotics, for pupil dilation, and 
treatment of hypertension, mental disorders and tumors.  There are a wide 
variety of structural types of alkaloids, e.g. monocyclic, dicyclic, tricyclic, 
tetracyclic, cage structures etc. 
Their amine character produces an alkaline solution in water and hence 
the origin of the name - alkaloids. Many of the earliest isolated pure 
compounds with biological activity were alkaloids. This was due to the 
ease of isolation.  
Those characteristics of alkaloids have caused them to become an 
interesting direction of CE application. Since the determination of six 
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ephedrine alkaloids in Ephedrae herba by CE [86], more than 150 reports 
were published. MEKC [87] and CZE with both UV, fluorescent [88, 89] 
and MS [90-92] detections have been used for the separation of different 
groups of alkaloids. 
 
1.3 Scope of the research 
Natural products are interesting to researchers because of their 
inestimable potential to offer a vast and virtually unlimited source of new 
agents for both pharmaceutical and agrochemical industries.  
With its high separation efficiency and resolution, CE has been proven to 
be a powerful method for probing effective components in natural products. 
Hence, the major aim of this thesis is to expand the analytical applicability 
of CE in the analysis of natural products.  
The range of natural products is quite broad, it is impossible to cover every 
group in this thesis. Instead, two classes of natural products were selected 
for studying. Metals, widely existing in various plants, were chosen from 
other inorganic compounds. In the range of organic compounds, alkaloids 
were studied emphatically because of their important biological activities.  
Trace metals in tea and toxic alkaloids in two herbal medicines were 
investigated first. CE buffers were optimized to achieve best selectivity, 
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efficiency, resolution and shortest possible analytical time. With further 
adjustment of the acquired buffer systems for toxic alkaloids, toxic 
alkaloids and their products after preparation were studied by CE-MS. A 
tITP procedure for on-line concentration of alkaloid samples indicated the 
possibilities of applying hydrophobic compounds as terminating ions. 
Since the miniaturization has received considerable attention in the recent 
development of CE. The use of microfabrication techniques to construct 
CE system on a chip was explored.  Alkali metals and alkaloids were 
determined successfully on a home-made microchip.  
To obtain enough selectivity and sensitivity, various detection methods--- 
optical, electrochemical and hyphenating detections --- were tested and 
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 Chapter 2 Determination Of 
Trace-metal Elements In Tea By CE 
 
2.1 Introduction 
Tea infusion is one of the most popular drinks around the world. It is drunk 
in almost every country around the world and has reached a ceremonial 
status in many places. Tea is made from the processed leaves of the plant 
Camellia Sineneis , which is grown in acidic soil from tropical to temperate 
regions and contains 4.9% inorganic matter [1,2].  
There are three types of tea produced: green, oolong and black, but all 
comes from the same plant. Green tea is prepared from fresh leaves and 
buds that are pan-fried, rolled and dried. Oolong is made by wilting the 
fresh leaves under sunlight, then bruising them slightly and partially 
fermenting them. Black tea is made by fermenting the slightly wilted leaves. 
All types of tea have the alkaloids caffeine, theobromine, and theophylline 
but in varying amounts. They also have polyphenolic compounds; 
catechins including epigallocatechin; gallic acid; bioflavonoids; volatile oil; 
some vitamin C and some fluoride.  
The major metals in tea infusion are Mg, Al, K, Ca. However, heavy metals, 
       39
such as Cu, Cd and Co, also play important roles in the quality of tea. Much 
higher concentrations of heavy metals influence the taste of the tea 
infusion and affect consumers’ health since they denature proteins readily 
and make a long term accumulation in human body. The main sources of 
trace metals to plant are their growth media, like nutrient solution and soil 
[3]. In 1976,the Association of Analytical Communities had stipulated a 
special official method for the Analysis of Copper and Nickel in Tea [4]. 
Over the last two decades, the growth of the environmental movement 
combined with concerns about health and quality of diet have led to a rapid 
growth in the consumption of organic food. In the European Union, the land 
area under organic production increased from 0.16 million hectares in 
1988 to nearly 2.1 million hectares by the end of 1997 [5]. In the second 
Draft of Basic Standards for organic products, International Federation of 
Organic Agriculture Movement made decisions that all relevant measures 
should be taken to ensure uncontaminated organic food and soil, 
operators should take reasonable measures to identify and avoid potential 
contamination.  
Atomic absorption spectrometry (AAS) is a widely used technique for the 
determination of trace-metals, but has limited capability of simultaneously 
determining multi-elements of metal ions. Inductively coupled plasma- 
atomic emission spectrometry, inductively coupled plasma-mass 
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spectrometry, and X-ray Fluorescence spectrometry are sophisticated 
techniques capable of simultaneous multi-elements determination, but 
high cost and low availability are their common disadvantages. Several 
reports have been published on CE separation and detection of trace 
metal ions using 4-(2-pyridylazo) resorcinol (PAR) as a chromogenic 
chelating agent [6-9]. Figure 2.1 illustrates the molecular structure of PAR. 
Because of the transparent character of metal ions in the UV-Vis region, 
usefulness of PAR in the CE separation and detection of trace metal ions 
lies mainly in its capability of forming intense colour complexes with a 
number of metal ions under properly controlled experimental conditions 
and providing highly sensitive detection for these metal ions [10,11]. But 
few applications of food analysis have been reported to date. 
In this chapter, a capillary electrophoresis method was described for the 
determination of the concentrations of trace metals (Cu, Fe, Zn, Co and Ni) 
in tea based on the conversions of strong complexes between PAR and 
metals. Five metals could be determined in 10 min by a single run. The 
calibration curves showed a linear range from 50 µg/L to 5 mg/L for these 
metals with correlation coefficients (R2) being greater than 0.999. 
Detection limits (S/N=3) of Co, Fe, Cu, Zn and Ni varied from 6 µg/L to 30 
µg/L. Recoveries of these metal ions ranged from 97.9 to 106.2%.  
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All CE experiments were carried out using a CE-L1 Capillary 
Electrophoresis System (CE Resources, Singapore) with an SPD-10A 
UV/Vis detector of Shimadzu Co. (Kyoto, Japan). Detection was made at 
505 nm. Data acquisition and recording of electropherograms were 
accomplished with a CSW Chromatography Station (Data Apex, Czech 
Republic). 
Fused silica capillaries (50 µm i.d.) were the products of Polymicro 
Technologies (Phoenix, USA). Total length of the capillaries was 80.0 cm, 
and effective length from the injection end to the detection window was 
66.0 cm. 
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 2.2.2 Reagents 
All metal ion stock solutions were prepared from their nitrates (Co2+, Fe3+, 
Cu2+) and sulphates (Ni2+, Zn2+) with pH value 1 by adding nitric acid to 
keep them from precipitation and absorption. The stock PAR (Aldrich, USA) 
solution was prepared at a pH value of 8.5. Ion additives, 
tetramethylammonium (TMA) bromide and tetrabutylammonium (TBA) 
bromide (TCI, Japan) were dissolved in water with a concentration 0.50 M. 
The electrolyte buffer was prepared by dissolving N-tris [Hydroxymethyl] 
methyl-3-aminopropanesulfonic acid (TAPS) (Sigma, USA) and mixing it 
with an appropriate quantity of PAR and ion additives to reach the final 
concentrations of 10 mM for TAPS, 0.1 mM for PAR, 5 mM for TBA and 5 
mM for TMA. The pH value was adjusted with NaOH solution. All reagents 
were of analytical-reagent grade. Water (≥18 MΩ) used throughout the 
experiments was generated by a NANOpure ultrapure water system 
( Barnstead, IA, USA). 
 
2.2.3 Procedures 
The electrolytes buffer were prepared daily. The precolumn formation of 
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PAR-metal chelates was prepared by mixing an appropriate quantity of 
metal ions and 1 mM PAR. pH value was adjusted to 9.2 for forming stable 
chelates. Samples were introduced onto the capillary by applying a 
pressure, the separation voltage was 30 kV. Before the first daily run the 
capillary was rinsed with 1 M NaOH for 15 min, followed by water for 15 
min and a 15 min rinse with the appropriate electrolyte solution. The rinsing 
procedure was repeated after every 10 runs. 
 
2.2.4 Sample preparation 
Tea sample (1.0 g) was weighed into a 200 ml beaker and 50 ml HNO3 was 
added. After 10 min reaction, the tea sample was placed on a hot plate and 
evaporated to dryness. The tea sample was then cooled, 25 ml HNO3 was 
added, followed by 5 ml HClO4 and heated again to near dryness. The 
residue was transferred into a 100 ml calibrated flask and diluted to volume 
with water. A reagent blank, containing same amount of acids, was 
evaporated and diluted by same way. 
The following steps were the same as the procedure of standard curve for 
the precolumn formation of PAR-metal chelates. 
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2.3 Results and discussion 
2.3.1 Composition of electrolyte buffer 
Phosphate, TAPS, 2-(cyclohexylamino) ethanesulfonic (CHES) and N- 
[2-hydroxyethyl ] piperazine-N’-[2-etha-nessulfonic acid ] (HEPES) were 
tested as the electrolyte buffer, the buffers of CHES,TAPS and HEPES 
generated lower currents and showed better separation than phosphate. 
PAR-metals chelates are stable and soluble in water when the pH value is 
greater than 8. But a buffer of pH greater than 9 deteriorated the resolution 
due to high electroosmotic flow. TAPS was selected as the suitable buffer 
by taking consideration its useful pH range (useful pH ranges of three 
buffers: 6.8-8.2 for HEPES, 7.7-9.1 for TAPS and 8.6-10.0 for CHES). The 
concentration of TAPS was examined from 5 mM to 50 mM to be of no 
obvious influence on separation except that increases in concentration of 
TAPS reduced the EOF slightly. It accords with the principle that high ion 
strenght decrease zeta potential and EOF (Table 1.1 and equation 1.5).   
10 mM TAPS was applied to the following experiments and it provided 
satisfying separation efficiency with a low current. 
A small amount of PAR (0.1 mM) was added into the electrolyte to prevent 
the dissociation of the comparatively unstable chelates of PAR-metals  
(Cu 2+ and Zn 2+) [6]. 
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Without adding other modifiers, the peaks of Ni+ and Zn+ could not be 
separated from each other. There are the variations of affinity between Ion 
pairing additives and analytes. It was proposed and confirmed that 
ion-association or ion-pairing interaction can be employed in the 
separation of metal chelates in CE according to their different effects on 
the migration of metal complexes [12,13]. Based on their studies, 5 mM 
TMA and 5 mM TBA were added into the electrolyte as ion additives and 
the peaks of Ni+ and Zn+ were separated successfully. A complexing 
equilibrium by the introduction of another complexing agent may be useful 
to the resolution too, several complexing agents were tested in this study, 
including hydroxyisobutyric acid, citric acid, lactic acid, glycolic acid, 
iminodiacetic acid, urea and nitrilotriacetic acid. As a result of the strong 
complexing ability of PAR, only nitrilotriacetic acid can improve the 
separation slightly. However, adding nitrilotriacetic acid is not applicable 
because the peak heights of Cu+ and Zn+ would be reduced significantly. 
 
2.3.2 Effects of the pH of the electrolytes buffer 
The maximal absorbance wavelengths of different PAR-metals chelates 
range from 500 to 510 nm. Thus, 505 nm was set for detection. The 
optimum pH value was investigated in order to get both good peak height 
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and resolution. Figure 2.2 shows that the peak heights indicating detection 
sensitivities of PAR-metals (Cu 2+ and Zn 2+) increase with the increase of 
pH value. It may be due to the increase of the stability of PAR-metals (Cu 
2+ and Zn 2+) at higher pH value. However, a pH value above 9 caused 
such a high EOF that separation of all the PAR-metals chelates could not 


















   Fig. 2.2 The effect of pH value on peak heights 
The electrolyte buffer, 10 mM TAPS, 0.1 mM PAR. Applied voltage, 30 
kV. Metal concentrations, 1 mg/L each. Sample introduction, pressure 
10 s at 0.29 P.S.I.. 
 
When Fe 3+ and Fe 2+ ions were added into the standard sample at the 
same time, only one peak was observed. It might indicate that the Fe 3+ ion 
was reduced to Fe 2+ form under the above experimental conditions [6]. 
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Compared with a previous study [13], we found that the use of electrolyte 
buffer of pH 8.75 could result in a simpler rinsing procedure for the 
capillaries. High pH value favours the water solubilities of PAR and 
PAR-metals chelates. Thus, it becomes unnecessary to rinse capillaries 
often because capillaries would not be polluted quickly. A procedure for 
mildly rinsing capillaries with 1 M NaOH and water was employed at room 
temperature after each 10 runs in our experiments instead of heating the 
capillaries at 60℃ and performing the rinsing procedure after each 5 runs. 
 
2.3.3 Separation of metal ions 
As expected, the peak heights of PAR-metal chelates increased with the 
sample amount introduced into the capillaries in our test. Baseline 
separation of all the chelates could still be accomplished with a sample 
loading of 10 s at 0.29 P.S.I.. A typical electropherogram for the separation 
of five metal ions (Co 2+, Fe 3+, Cu 2+, Zn2+ and Ni2+ ) was shown in Figure 
2.3. All of the metal ions were separated in less than 10 min run time. 10 
mg/L each of Mn2+, Cr 3+ or Al 3+, which can form colour complexes with 
PAR normally, did not cause any observable effect on this separation, 
indicating that the present method was not prone to interference by these 
ions. 
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2.3.4 Quantification 
Quantification was performed on the basis of measured peak areas. 
Standard mixtures of the metal ions at six concentration levels were 
measured and peak areas were calculated. Calibration curves of all the 
metal ions exhibited linear dynamic ranges from 50 µg/L to 5 mg/L with 
correlation coefficients (R2) being higher than 0.999 (Table 2.1). Relative 
standard deviations (RSD) were provided by six injections of a solution 
containing 200 µg/L of each metal ion. Detection limits (S/N=3) of the five 
metal ions varied from 6 µg/L to 30 µg/L. 




















Fig. 2.3  Electropherogram of five m
conditions. 
The electrolyte buffer, 10 mM TAPS, 0.1 m
TMA, pH value 8.75. Applied voltage, 30
pressure 10 s at 0.29 P.S.I.. 








 under optimal 
 mM TBA, 5 mM 
ple introduction, 
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 Table 2.1 The experimental quantification data under optimised condition 
Metal 









Co Y=0.1902X+0.0387 * 0.9998 17 0.7 
Cu Y=0.2333X-0.114 0.9992 6.0 1.2 
Fe Y=0.3465X-0.0412 0.9990 30 1.0 
Zn Y=0.2489X-0.0031 0.9996 24 1.5 
Ni Y=0.2025X+0.0725 0.9990 22 1.2 
*: X, Peak Area (mV.s); Y, Concentration of Metal ions (mg/L) 
 
2.3.5 Sample analysis 
The method was used for the determination of metal concentrations in 
three tea samples, which belonged to green tea, oolong tea and red tea 
respectively. No Co 2+ was found in those samples. A typical 
electropherogram obtained was shown in Figure 2.4. Since metals in the 
large amount of acids used for the digestion procedure were finally 
dissolved into the sample solution, low concentrations of Cu 2+; Fe 3+; Ni 2+ 
were found in the reagent blank, the concentrations of those three metals 
were below 50 µg/L and very close to the detection limits. After subtracting 
the concentrations of metals in reagent blank, the concentrations of metals 
in the original tea samples were shown in Table 2.2.  
To obtain data for the calculation of recoveries, the sample solution was 
spiked with 400 µg/L each of the metal ions. Recoveries of the metal ions 
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ranged from 97.9 to106.2 %. 
 

















Fig. 2.4  Determination of metal ions in Cui M
Running conditions were the same as Figure 2
 
Table 2.2  The metal concentrations in th
Tea Samples Cu (mg/kg)
Fe 
(mg/kg
Cui Ming (Green Tea), China 21.83 74.02 
Sea Dyke (Oolong Tea), 
China 14.21 13.97 
Hill Bird (Black Tea), 
Singapore 23.94 135.5 
 























The capillary electrophoresis method developed using PAR as a 
chromogenic chelating agent can be applied to the determination of trace 
metals in tea or possibly other plants. Five metals can be determined in a 
single run. The method showed advantages of simplicity in operation, 
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Chapter 3  Application Of CE To The 
Analysis Of Toxic Alkaloids In 




3.1 Introduction  
The separation of Chinese medicinal components is also an important part 
of the application of CE to natural products. Sometimes, Chinese 
medicines were regarded as an individual class in the studies of natural 
products.  
Chinese medicines have a long history in health care. After thousands of 
years of practical experience, ~ 700-800 kinds of crude herbal drugs are 
commonly used in China now [1]. Among them, Aconite root (Wutou) and 
the seed of Strychnos pierrian (Maqianzi) are two typical Chinese 
medicines that can cause serious toxic effects to human.  
Aconite root contains various toxic alkaloids, including aconitine, 
hypaconitine and mesaconitine and so on. The herb and its alkaloids are 
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very toxic. The LD50 of aconitine for mice is 0.3 mg/kg. Toxic symptoms 
include bradycardia and irregular rhythm. Patients usually lose sensation 
in the mouth and tongue after drinking the decoction. Nausea and 
vomiting may occur, as well as spasm of extremities and cardiac 
arrhythmias. This herb is toxic to heart muscle and is used as a 
cardiotonic. As an isolated heart preparation, it causes a temporary 
increase in myocardial contractility, followed by a decrease, and then an 
irregular cardic rhythm. The herb has an analgesic effect. Its potency is 
about one tenth that of morphine, but its toxicity is about 300-fold that of 
morphine. It also has a local analgesic effect but is more toxic than 
procaine. Aconite root also acts as an anti-inflammatory agent, probably 
due to an indirect stimulation of the ACTH-corticosterone system. In 
addition, this herb can lower plasma cholesterol and reduce atheromata 
formation [2]. The structures of Aconitum alkaloids and their hydrolysis 
products are listed in Figure 3.1. 
The seed of Strychnos pierrian contains strychnine and brucine at 
concentrations of about 1 to 1.4 % each. Both the strychnine and brucine 
are toxic, the LD50 of brucine in mice is 3.03 mg/kg. The LD50 of the seed 
in mice is 155 to 300 mg/kg (oral). The herb can act as a stimulus for the 
nervous system [2,3]. The herb inhibits Renshaw cells, the interneuronal 
cells, of the spinal cord. This results in an increase in CNS reflex 
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stimulation. The herb also stimulates the cortex, increasing visual, 
auditory, and smelling sensations. It has been observed to stimulate 
gastric secretion, acting as a stomachic. It is also an expectorant and an 
anti-bacterial agent. Strychnine nitrate has been shown to improve patient 
condition in cases of childhood paralysis, sciatic neuralgia and 
neurasthenia. The standard dose is 1 to 3 mg administered 
subcutaneously. Usually, the seed of Strychnos pierrian are applied into 
Chinese medicine treating hemiplegia, muscular weakness and 
impotence.  Structures of strychnine and brucine are shown in the Figure 
3.2. 
The combination of Aconite root and the seed of Strychnos pierrian is 
used as antirheumatic drug in Chinese medicine. 
A main obstacle for the worldwide use of Chinese herbal medicines is how 
to quantitate the exact active components in herbs [4]. Therefore, efficient 
determination procedures are very important to the development of herbal 
medicine. The traditional methods for the determination of those alkaloids 
include colorimetry by adding dyes, thin-layer chromatography and liquid 
chromatography. However, none of those methods has achieved the 
separation of all of those five alkaloids. 
 











Fig. 3.1 The structures of Aconitum alkaloids and their hydrolysis 
products 
Alkaloids A B C D MW 
Aconitine Et OH Acetyl Benzoyl 645 
Hypaconitine Me H Acetyl Benzoyl 615 
Mesaconitine Me OH Acetyl Benzoyl 631 
Benzoylaconine Et OH H Benzoyl 603 
Benzoylhypaconine Me H H Benzoyl 573 
Benzoylmesaconine Me OH H Benzoyl 589 
Aconine Et OH H H 499 
Hypaconine Me H H H 469 
Mesaconine Me OH H H 485 
Jesaconitine Et OH Acetyl Anisoyl 675 
Deoxyaconitine Et H Acetyl Benzoyl 629 
Anisoylaconine Et OH H Anisoyl 633 
Benzoyldeoxyaconin
e Et H H Benzoyl 587 
Deoxyaconine Et H H H 483 
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Fig. 3.2 Structures of strychnine and brucine 
 
The great separation efficiency of CE can provide better resolution and 
make itself one of the best tools in the separation and analysis of 
ingredients in herbal medicine. Many applications of CE in determinations 
of alkaloids [5-8] and other components [9-11] appeared recently. Several 
studies have reported methods for the determination of strychnine and 
brucine [3,12-14]. However, there is no any report on the determination of 
Aconitum alkaloids (aconitine, hypaconitine and mesaconitine) by CE up 
to date. 
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 In Chinese medicines, almost all herbs need to be prepared before its use 
by patients. For example, the Aconite root should be boiled to convert 
Aconitum alkaloids to other innocuous alkaloids [15-17]. Since the 
preparation procedures may convert the original component into one or 
more products, study of the preparation is usually more complex and 
involves more compounds.  
It is difficult to determine active components in Aconite root and the seed 
of Strychnos pierrian because they are usually prepared before use. The 
purpose of preparation is to reduce toxicity; Aconite root usually is 
oven-roasted and decocted to convert Aconitum alkaloids into their 
hydrolysis products, while the seed of Strychnos pierrian is treated by 
heating in oil or sand at 240-250 ℃ for 3-5 minutes. The hydrolysis 
products of Aconitum alkaloids are hard to determine by UV detector 
because of their weak UV absorbance, especially the final degradation 
products aconine, hypaconine and mesaconine, which lost both the acetyl 
and benzoyl functions during the hydrolysis.  
Mass spectrometry (MS), a sophisticated analytical technique that can be 
used for both qualitative and quantitative determinations, can give 
information regarding the mass and the structure of unknown components 
present in a sample mixture. MS doesn’t require chromophore or 
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flurescence. Moreover, the single ion monitoring (SIM) mode of MS also 
provides a powerful tool for identifications of analytes when the efficiency 
of the separation technique is not good enough. 
The invention of “soft ionization” methods, such as electrospray ionization 
(ESI), made the online coupling of CE to MS possible [18]. On-line 
coupling of CE-MS provides universal detection, the efficient separation of 
CE and the specificity and sensitivity of MS detection. Since the beginning 
of 1990’s, CE-MS has developed significantly as demonstrated by a 
growing number of published applications in the analysis of proteins 
[19-22], drugs [23-25], carbohydrates [26], etc., and has proven to be a 
very powerful tool. 
CE-MS had been applied to the analysis of alkaloids in several reports. 
Sturm et al. studied the isoquinoline alkaloids by CE-MS [27] and Henion 
and colleagues studied the determination of trace impurities in peptide 
and alkaloid samples [28]. Unger et al. applied CE-MS to the separation of 
four different groups of alkaloids consisting of monoterpenoid indole 
alkaloids, protoberberines / benzophenanthridines, beta-carboline 
alkaloids and isoquinolines from poppy [29]. Stöckigt et al. applied 
CE-ESI-MS to the determination of Rauvolfia root alkaloids [30]. All these 
studies suggested that CE-MS system is sufficiently sensitive and reliable 
to provide acceptable quantitative analysis of alkaloids. However, there 
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are no reports on the application of CE-MS in the study of herbal medicine 
preparations so far. 
At the beginning of this chapter, a CE method with UV detection is 
established to determine the 5 main toxic alkaloids in Aconite root and 
seeds of Strychnos pierrian. Subsequently, CE-MS was applied to study 
the influences of the preparation procedures to the two herbs. The CE-MS 
interface and MS parameters were optimized; the influence of preparation 
procedures on concentrations of alkaloids was studied.  
 
3.2 Experimental 
3.2.1 Materials  
Brucine, aconitine, hypaconitine and mesaconitine were supplied by the 
National Institute for the Control of Pharmaceutical and Biological 
Products of China (NICPBP, Beijing, China). Strychnine was purchased 
from Sigma (St. Louis, MO, USA). Atropine was provided by Fluka (Buchs, 
Switzerland). All other reagents were of analytical grade. Water (≥18 MΩ) 
used throughout the experiments was generated by a NANOpure 
ultrapure water system (Barnstead, IA, USA). Fused silica capillary (50 
µm i.d.) was the product of Polymicro Technologies (Phoenix, USA). 
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Unprepared Aconite root and the seed of Strychnos pierrian were 
purchased from a Chinese medicine store in Singapore. The prepared 
Aconite root was purchased from the same store and used for methanol 
extraction directly. Unprepared seeds of Strychnos pierrian were treated 
by heating in oil or sand at 240-250 ℃ for 4 minutes to provide the 
prepared drug. 
 
3.2.2 Instruments and procedures 
Stock standard solutions of strychnine and brucine were prepared in 
methanol, while stock solutions of Aconitum alkaloids were dissolved in 
chloroform since they are unstable in both water and methanol. The 
sample standards used in analyses were made by drying accurate 
amount of stock solutions and dissolving in water-methanol (50:50, v/v). 
For the analytical CE method with UV detection, the laboratory-built CE 
system was comprised of model CZE 1000R (Spellman, Plainview, NY, 
USA) high voltage supply, and an SPD-10A UV-Vis detector from 
Shimadzu (Kyoto, Japan). Detection was made at 200 nm because it 
provided more sensitive detection than longer wavelengths. The 
separation voltage was 15 kV. Data acquisition and recording of 
electropherograms were accomplished with a CSW Chromatography 
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Station (Data Apex, Czech Republic). 
The total length of the capillaries was 50.0 cm, and the effective length 
from the injection end to the detection window was 38.0 cm. The capillary 
was rinsed with 0.1 M NaOH for 15 min, followed by water and the 
appropriate electrolyte solution for 15 min each. Samples were introduced 
into the capillary by hydrodynamic mode (8 cm height) for 15 s. The 
electrolyte buffer used for CE/UV detection was prepared daily, and 
contained 40mM ammonium acetate and 0.1 % acetic acid in 80 % 
methanol. The electrolyte buffer was refreshed after each 10 runs.  
 
CE-MS, applied to study the preparation procedure, was performed with a 
Finnigan LCQ quadrupole ion trap MS and an electrospray ionization 
source (Finnigan MAT, San Jose, USA). Ions were detected in the positive 
mode and the spray voltage was set to 4.0 kV. Sheath liquid was mixture 
of water-methanol (1:9, v/v) with 0.5 % acetic acid and delivered at a 
flow-rate 3 µL/min. The temperature of the heated capillary was 200 oC. 
The flow-rate of sheath gas was 10 arbitrary units (A.U.) and no auxiliary 
gas was used. The MS system was set with scan ranges of m/z 200-500 
for the seed of Strychnos pierrian and 200-700 for Aconite root, the mass 
analyzer performed scans every 0.7 s. The SIM electropherograms of 
protonated molecular ions were acquired by selecting the ranges of m/z±
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0.5 from the full scan mass spectrums. The CE capillary (75 cm) was set 
0.05 mm outside the ESI needle. The voltage applied by CE was 30 kV. 
Sample loadings were made with the hydrodynamic mode (100 mbar for 
12 s). The capillaries were conditioned as for the CE-UV system. The 
CE-MS system was tuned with 20 mg/L hypaconitine introduced through 
the CE capillary at 500-mbar pressure.  
For CE-MS system, the electrolyte buffer for the analysis of Aconitum 
alkaloids, containing 40 mM ammonium acetate and 0.1 % acetic acid, 
was prepared daily in methanol. Ammonium acetate (80 mM) and 0.1 % 
acetic acid were dissolved in water-methanol (40:60, v/v) for determining 
alkaloids in the seed of Strychnos pierrian. Between runs, the capillary 
was flushed with buffer solution for 2 min.  
 
3.2.3 Sample extraction 
To extract alkaloids from unprepared or prepared herbs, 1g amount of 
pulverized herb was immersed into 10 ml methanol overnight at room 
temperature. After 30 min ultrasonication, the solution was made up to 
volume with methanol and passed though 0.20 µm filters. Subsequently, 
the extracts were analyzed within 1 day. 
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Besides the extractions of herbs, a Chinese prepared medicine (CPM) 
(Shen jin huo luo wan, Mingshantang, China), which contains prepared 
Aconite root, prepared seed of Strychnos pierrian and other six herbs, 
was extracted and investigated also. A 1 g amount of pulverized drug was 
immersed in 5 ml methanol at room temperature for 10 h. After 30 min 
ultrasonication, the solution was made up to volume with methanol and 
passed though 0.20 µm filters.  
 
3.3 Result and discussion 
3.3.1 CE method developed for determination of toxic alkaloids with 
UV detection 
3.3.1.1 Optimization of electrolyte buffer 
Aqueous buffer systems with ammonium acetate were tried first. Although 
strychnine and brucine can be separated from other alkaloids, a poor 
resolution among Aconitum alkaloids was observed, and the resolution 
couldn’t be improved by changing buffer pH values or replacing 
ammonium acetate by citric acid, glycolic acid or lactic acid. Subsequently, 
nonaqueous buffer systems were evaluated. The addition of methanol 
resulted in longer migration times of alkaloids because it always lead to 
slower EOF, and the migration order of alkaloids changed because of their 
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differences in polarity (Section 4.1). Figure 3.3 shows the 
electropherograms under different methanol concentrations. Migration 
velocities of strychnine and brucine decreased more quickly than those of 
Aconitum alkaloids. A buffer containing 50 % methanol couldn’t achieve 
complete separation of aconitine, hypaconitine and mesaconitine, and 
buffer containing 100 % methanol gave a good separation, but a much 
longer analytical time was observed. So the buffer system with 80 % 
methanol was selected as the optimum percentage of methanol.  
To help the ionization of alkaloids, a small amount of acetic acid was 
added into the electrolyte buffer to maintain an acidic environment. The 
migration velocities of the alkaloids may change depending upon different 
ionization degrees under different acid concentrations. It is found that both 
0.1 % and 2 % acetic acid can achieve a separation of mesaconitine and 
aconitine with different orders (Figure 3.4). 0.5 % acetic acid led to 
co-migration of the two alkaloids, whereas 2% acetic acid resulted in 
satisfactory separation of mesaconitine and aconitine. However, the high 
ionic strength caused an unstable baseline and large background noise in 
this buffer that contained a relatively high concentration of organic solvent. 
In view of these factors, 0.1 % acetic acid was applied in following 
experiments. 
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The inaccuracy resulting from the fluctuation of EOF and sample loading 
amount with different runs can be minimized by adding an internal 
standard (I.S.). Atropine was selected as I.S. because it can provide 
similar peak height and migration time comparing with other alkaloids. A 
typical electropherogram for the separation of five alkaloids and atropine 
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 3.3.1.2 Quantification 
Standard mixtures of alkaloids at six concentration levels were measured 
and peak areas were calculated by comparing the peak areas of alkaloids 
with the peak area of atropine. Calibration curves of all the alkaloids 
exhibited good linear dynamic ranges from 2 mg/L to 200 mg/L with the 
correlation coefficients between 0.9988 and 0.9999 (Table 3.1). The 
repeatabilities (R.S.D., 0.92-2.02 %) were measured by six injections of a 
solution containing 20 mg/L of each alkaloid. Detection limits (S/N=3) of 
the five alkaloids varied from 0.85 mg/L to 1.90 mg/L.  
 








Hypaconitine 0.9999 1.57 1.61 
Aconitine 0.9998 1.59 2.02 
Mesaconitine 0.9996 1.90 1.27 
Strychnine 0.9988 0.87 0.92 
Brucine 0.9990 0.85 1.20 
      
 
3.3.1.3 Sample Analysis 
Experimental data proved that the concentrations of alkaloids did not 
change after 30 min ultrasonication in methanol. The method was used for 
       71
the determination of alkaloid concentrations in a CPM sample. A 1-g 
amount of medicine was extracted by methanol and condensed to 1 ml by 
evaporation under room temperature. The peaks of hypaconitine, 
strychnine and brucine were found (Figure 3.6). The concentrations of 
alkaloids in the original CPM sample were 0.60 g/kg for strychnine, 0.29 
g/kg for brucine and 6.0 mg/kg for hypaconitine  respectively. The sample 
solution was spiked with 20 mg/L each of alkaloids before the extraction. 
Recoveries of alkaloids were 99.5, 104.1, 95.0, 107.3 and 108.8 % for 
hypaconitine, aconitine, mesaconitine, strychnine and brucine 
respectively. 
As mentioned previously in the Introduction, the Aconite root in the CPM 
should have been prepared to reduce its toxicity. Our result showed that 
the hydrolysis of toxic alkaloids did cause very low concentrations of those 
alkaloids. To confirm this, another extraction method was applied. The 
CPM sample was extract by 1 M hydrochloric acid, and then the solution 
was extracted by chloroform. No distinct peaks for Aconitum alkaloids 
were found from this CPM sample while clear peaks of Aconitum alkaloids 
were acquired in the application of this same extract procedure to an 
unprepared Radix aconiti carmichaeli (Fu Zi, the lateral root of Aconitum 
carmichael) sample (Figure 3.7).   
 
       72



















Fig. 3.6 Electropherogram of CPM sample: 1 g of CPM was extracted 
into 1 ml methanol with 10 mg/L atropine. Other conditions as in Fig. 
3.5. 
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Fig. 3.7  Electropherogram of an unprepared Radix aconiti 
carmichaeli sample: 1 g of the crude drug was extracted by 1 M HCl 
and into 5 ml chloroform finally with 20 mg/L atropine. Other conditions 
as in Fig. 3.5. 
 
3.3.2 Application of CE-MS to the investigation of preparation 
procedures of Chinese medicines 
3.3.2.1 Setup of CE system 
The separation conditions of alkaloids in the seed of Strychnos pierrian 
and aconite root had been studied with UV detector. Only non-aqueous 
buffers achieved the separation of Aconitum alkaloids [31], and higher 
concentrations of methanol caused better separations.  
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Following the CE-UV method, ammonium acetate and acetic acid were 
used in CE-MS experiments also. For Aconitum alkaloids, 40 mM 
ammonium acetate and 0.1 % acetic acid were dissolved in pure 
methanol for best separation. For alkaloids in strychnos pierrian, buffer 
containing 80 mM ammonium acetate and 0.1 % acetic acid was 
dissolved in a mixture of 40 % water and 60 % methanol because a higher 
methanol concentration caused too long a retention time.  
The nonvolatile buffers present problem in the coupling of CE and MS, 
since the nonvolatile buffers, such as buffers contained inorganic salts 
and polysaccharides, can lead to plugging the interface and source 
contamination. The ammonium acetate buffer is volatile and can avoid  
this problem. 
A high voltage of 30 kV was applied by the CE system because a longer 
separation capillary was required for coupling the CE and MS systems 
and the positive spray voltage added to the end of the CE capillary can 
also decrease part of the total voltage in the capillary.  
 
3.3.2.2 Position of CE capillary in the ESI needle  
ESI design is based on a liquid stream at atmospheric pressure flowing 
through a needle electrode that is added an approximately several kV 
potential. The flowing stream gets charges as it passes through the 
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needle. The evaporation of the solvent results in highly charged droplets. 
And then, ions are to be either directly desorbed from the droplets or the 
droplets undergo coulombic explosion that lead to smaller droplets and 
eventually single ions.  
According to other reports, the CE-MS can be performed with the CE 
capillary either inside or outside the ESI needle. Our study showed that it 
was hard to maintain a stable electric current in CE capillary when it was 
too far outside the ESI needle, but it would be too difficult to maintain a 
stable MS signal when the capillary was put too far inside the ESI needle. 
To keep both the electric current and MS signal stable, the CE capillary 
should be put in a range from 0.1 mm inside the ESI needle to 0.4 mm 
outside. 
The signal intensity increased as the distance of the capillary outside the 
ESI needle increased. However, greater noise was caused at the same 
time; the signal-to-noise ratio was subsequently decreased. In contrast, 
though the signal intensity was decreased when the CE capillary was put 
inside the ESI needle, a better signal-to-noise ratio, which determines the 
sensitivity of detection directly, resulted. Finally, 0.05 mm outside the 
needle was selected as the best position because there was a relatively 
large dead volume when capillary was put inside the ESI needle. 
To aid the electric contact and prevent the peeling of polyimide coating 
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immersed in nonaqueous solutions, 2 mm of polyimide coating on the 
capillary outlet end was removed. The coating was burned off in the report 
of Xia and colleagues [32]. However, when the melted coating cools, 
irregular knots may form and block the sheath liquid flow and affect the 
original position of ESI needle design. In this study, the polyimide coating 
was caused to swell by immersing the outlet end into acetonitrile overnight 
before peeling off. 
 
3.3.2.3 Sheath Liquid composition and flow rate 
Two organic solvents, methanol and 2-propanol, were tested as the 
organic modifiers of sheath liquid. Methanol was chosen as the suitable 
modifier, since 2-propanol introduced a greater noise but did not result in a 
more intense signal. In the solution containing 0.1 % acetic acid, the 
signal intensity increased when the proportion of methanol increased from 
50 to 100 %. However, a pure organic solvent could make the electric 
current unstable and harm the repeatability of the MS signal. Therefore, 
the ratio of methanol/water was set to 9:1. In the range from 0.1 to 1%, the 
concentrations of acetic acid did not cause notable changes of the signal 
intensities, so 0.5 % acetic acid was chosen finally. It was indicated that 
the flow rate of sheath liquid should be small but sufficient to give stable 
spray and electric contact, 3 µL /min was found suitable.   
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 3.3.2.4 Sheath gas flow rate and spray voltage 
A low flow rate of sheath gas should be used for the electrospray since a 
high flow rate of sheath gas influences sensitivity; moreover, too high a 
sheath gas flow rate (for example, 40 A.U. for this Finnigan MS system) 
could result in a driving force making the electrolyte buffer move far faster 
than the electroosmotic flow. The flow rate of sheath gas was set to 10 
A.U. in this study.  
When the spray voltage was changed from 3.0 kV to 5.0 kV, no obvious 
difference was found. Therefore, the voltage was set to 4.0 kV throughout 
the study. As a “soft ionization” method, the MS spectra obtained from ESI 
indicated alkaloids, mainly the protonated molecular ion modes ([M+H]+). 
For example, the spectra of strychnine and brucine are shown in Figure 
3.8. 
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 Strychnine 
Brucine 
Fig. 3.8 MS spectras of strychnine and brucine using ESI 
 
3.3.2.5 Analysis of alkaloids in the seed of Strychnos pierrian  
The major alkaloids in the seed of Strychnos pierrian are strychnine and 
brucine. It also contains small amounts of other components, such as 
vomicine, novacine and icajine [2,33]. The preparation procedure for the 
seed of Strychnos pierrian reduces the toxicity by converting toxic 
alkaloids strychnine and brucine into isobrucine, isostrychnine, 
isobrucine N-oxide, isostrychnine N-oxide, etc.  
The same extraction procedure was applied to prepared and unprepared 
seeds of Strychnos pierrian. Four main components were found from 
unprepared herb: strychnine, brucine, novacine and icajine (Figure 3.9). 
The separation of peaks could be achieved under total ion current mode. 
40 mM atropine was added into the following standard and sample 
       79
solutions to act as the I.S..  
Strychnine, brucine, novacine and icajine also were the main components 
found in herb prepared in hot sand for 4 min (Figure 3.10). Taking the 
peak area of atropine as reference, the peak areas of strychnine and 
brucine after preparation were only ~ 75.3 and ~78.9% of the values 
before preparation. The result confirmed the decrease of strychnine and 














Icajine m/z 349 
Atropine m/z 290 
Novacine m/z 409 
Strychnine m/z 335 
Brucine m/z 395 
Fig. 3.9 Electropherogram of unprepared seeds of Strychnos pierrian 
sample. Running electrolyte: 80 mM ammonium acetate and 0.1 % 
acetic acid dissolved in a mixture of water-methanol (40:60, v/v). 
Sample introduction: hydrodynamic mode, 100 mbar for 12 s. 
Separation voltage: 30 kV. MS: spray voltage, 4.0 kV; flow rate of 
sheath gas, 10 A.U.; flow-rate of sheath liquid, 3 µL/min; temperature 
of the heated capillary, 200 oC. Sheath liquid was mixture of 
water-methanol (1:9, v/v) with 0.5 % acetic acid. 













Icajine m/z 349 
Atropine m/z 290 
Novacine m/z 409 
Strychnine m/z 335 
Brucine m/z 395 
Fig. 3.10 Electropherograms of prepared seeds of Strychnos pierrian 
sample.  Other conditions as in Fig. 3.9. 
 
To test the quantification of the system, five mixtures of strychnine and 
brucine with concentration levels from 0.2 to 50 mg/L were measured. The 
peak areas were adjusted by comparing the peak areas of strychnine and 
brucine with the peak area of atropine. The calibration curves of 
strychnine and brucine exhibited linear dynamic ranges with the 
correlation coefficients (R2) of 0.9920 for strychnine and 0.9906 for 
brucine (Table 3.2). Taking atropine as internal standard, the 
repeatabilities of peak areas (RSD, 5.51% for strychnine and 2.85% for 
brucine) were measured by five injections of a solution containing 40 mg/L 
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of each alkaloid. It seemed that the repeatability of CE-MS method was 
worse than CE-UV method described in previous section. However, the 
detection limits (S/N=3) of strychnine and brucine were 0.12 and 0.13 
mg/L respectively, indicating that the sensitivity of MS detection using SIM 
mode was better than that of UV detection, which gave a detection limit ~1 
mg/L for these 2 alkaloids in Table 3.1. 
 








Strychnine 0.9920 0.12 5.51 
Brucine 0.9906 0.13 2.85 
 
3.3.2.6 Analysis of alkaloids in Aconite root  
Usually, nine alkaloids were considered to be involved in the hydrolysis 
procedure. Taking aconitine as an example, it is converted to 
benzoylaconine first, and then to the aconine during the preparation 
procedure.  
The rates of conversion of Aconitum alkaloids to their hydrolysis products 
in different solvents were studied first. Aconitum alkaloids were very 
unstable in water. More than 90% of alkaloids were converted to their 
hydrolysis products after 3 days. A solution of hypaconitine refluxed in 
water for 2 h indicated that the alkaloid existed mainly as hypaconine and 
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aconine (Figure 3.11).  
Aconitum alkaloids dissolved in methanol were unstable also and existed 
mainly as their intermediate hydrolysis products (benzoylaconine, 
benzoylhypaconine and benzoylmesaconine) after 2 months. However, it 
is worth noting that hypaconitine dissolved in methanol for 1 year might be 
converted to benzoyldeoxyaconine (MW 587) and deoxyaconine (MW 
483), instead of benzoylhypaconine and hypaconine (Figure 3.12). This 
finding may indicate that the hypaconine is still not the final hydrolysis 
product of hypaconitine. 
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 TIC mode 
Spectra RM 7.86  
Spectra RM 8.29 
 
Fig. 3.11 Electropherograms of hypaconitine dissolved in water after 
refluxing in water for 2 h. Running electrolyte: 40 mM ammonium 
acetate and 0.1% acetic acid dissolved in methanol directly. RM: 
retention time. Other conditions as in Fig. 3.9. 
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 TIC mode 
m/z 588
m/z 484
Spectra RM 8.78 
Spectra RM 8.98 
Fig. 3.12 Electropherograms of hypaconitine dissolving in methanol for 
1 year. Other conditions as in Fig. 3.11. 
 
Though the concentrations of hydrolysis products after refluxing in water 
were not known precisely, the solution could be used to test the 
separation of Aconitum alkaloids and their hydrolysis products. A sample 
containing nine alkaloids was prepared by mixing standard solution of 
Aconitum alkaloids with the same solution after refluxing. 
A normal CE system was used with UV detection set at 200 nm and a 
separation voltage of 15 kV. The peaks of aconitine, hypaconitine and 
mesaconitine were shown clearly. The peaks of benzoylaconine, 
benzoylhypaconine and benzoylmesaconine were very small but could be 
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identified also, but the baseline separation could not be achieved. The 
resolution could not be improved by changing buffer pH value or the 
water-methanol ratio. No peak for the final degradation products aconine, 
hypaconine and mesaconine was found due to the weak UV absorbance 
of those components. CE-MS was applied subsequently. Unfortunately, 
the separation of nine alkaloids was unsatisfactory still, and SIM mode 
had to be applied to identify those compounds (Figure 3.13).  
Methanol extracts of prepared and unprepared Aconite root were tested 
by CE-MS.   The peaks of both Aconitum alkaloids and hydrolysis 
products were found from unprepared herb, showing that the hydrolysis 
procedure might begin in the live plant. However, the peaks of several 
hydrolysis products could not be found from the extract of the prepared 
herb. It might indicate that the toxicity was reduced also by alkaloids 
released into the decoction solution.  
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 Fig. 3.13 Separation of Aconitum alkaloids and t
products under SIM mode. Other conditions as in Fig. 3
 
3.4 Conclusion 
The developed method with UV detection has been succ
to the determination of five toxic alkaloids in both CPM a
Five alkaloids can be determined in 15 minutes by a s
calibration curves showed a linear range from 2 mg/L t
these alkaloids with correlation coefficients (R2) betwe
0.9999.  Detection limits varied from 0.85 mg/L to 1.90 m
ranged from 95.0% to 108.8%. The CE-UV method c
effective tool for the strict control of these fatal h
components and showed advantages of simplicity 
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speediness in separation, economy in the cost of reagents. 
 
The coupling of CE with MS combines two generally accepted powerful 
analytical techniques. Application of the ESI technique ensured the 
generation of mass spectra with only one dominating signal 
corresponding to the protonated ion [M+H]+. In this chapter, CE-MS 
method was successfully applied to the analysis of alkaloids in herbs 
before or after preparation. Alkaloids in the seed of Strychnos pierrian 
were separated successfully with the TIC mode, comparison of the 
detection limits with UV detection showed that the sensitivity of MS 
detection was better than that of UV detection.  The rates of conversion 
of Aconitum alkaloids to their hydrolysis products in water and methanol 
were studied. CE-MS method was also applied to the analysis of prepared 
and unprepared Aconite root. However, the separation of nine alkaloids 
was not satisfactory and identification can be achieved only under SIM 
mode.  
The separated components can potentially be further characterized by 
MS-MS. To our knowledge, this study is the first report of CE-MS in the 
field of Chinese medicine preparation and is valuable for future application 
of CE-MS in controlling the preparation of Chinese medicine. 
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Chapter 4  Transient 
Isotachophoresis In Nonaqueous 
Capillary Electrophoresis To Improve 
The Detection Limits Of Alkaloids 
 
 
4.1 Introduction:  
CE has the advantages of high separation efficiency and low sample 
consumption. However, when trace-level quantities have to be determined, 
the analyte detection capability in terms of concentration is often 
insufficient. To improve the limits of detection (LOD), sample 
preconcentration procedures were used to increase the amount of sample 
loading. So far, researches about preconcentration procedures have 
become a main focus of CE development. Several on-line concentration 
methods have been developed: field-amplified sample stacking, 
acetonitrile stacking, large-volume sample stacking, pH-mediated 
stacking, chromatographic preconcentration, sweeping and 
isotachophoresis (ITP) [1]. Among these procedures, the combination of 
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ITP and capillary zone electrophoresis (CZE) is recognized as one of the 
most effective methods [2].  
In ITP, a sample is separated in a discontinuous electrolyte system formed 
by the leading and terminating electrolytes. The leading electrolyte 
contains the ion with the highest mobility, whereas the terminating 
electrolyte contains the ion with the lowest mobility. Hence, to generate an 
ITP effect, a leading ion with higher mobility and a terminating ion with 
lower mobility must be selected. When a sample is introduced between 
the leading and terminating ions, the ions with mobilities that are between 
those of the leading and terminating ions will migrate isotachophoretically 
and create typical stacked isotachophoretic zones with sharp boundaries.  
To achieve the sample preconcentration by ITP effect for CE, two 
capillaries can be coupled for ITP followed by CZE [3], but the 
instrumentation for coupling columns is very complicated. Another 
procedure performing ITP and CZE in the same capillary allows the ITP 
effect to be achieved easily [4-6], the procedure was called transient 
isotachophoresis (tITP).  
The tITP has been proven to be an effective method to concentrate the 
analytes and improve sensitivity in capillary electrophoresis. During the 
tITP procedure, an ITP state occurs at the beginning of the analysis by 
introduction of the leading ions and terminating ions into the running 
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system. After terminating or leading ions are electromigratively dispersed, 
the analytes are de-stacked and migrated as the normal CZE mode. 
Leading ion and terminating ions have higher mobility and lower mobility 
than the analytes respectively, usually, the co-ion in the electrolyte buffer 
plays either the role of leading ion or terminating ion, while another ion 
that can be present in the sample or be added by design plays the another 
role. tITP has been used frequently in the preconcentration and 
determination of DNA, peptides and inorganic matter [7-12], and was 
applied to the on-line coupling of CE/MS recently[13,14]. 
In practice, the leading ions are found easily because many inorganic ions 
possess very high mobilities [15]. However, the terminating ions, which 
must have sufficiently low mobilities and must be free from the mutual 
interactions with the analytes and capillary inner wall, are difficult to find. 
This problem limits the broad applications of tITP especially in the analysis 
of natural products and biological samples that contain a lot of 
components with low mobilities.  
For example, the family of tetraalkyl ammonium ions is a kind of suitable 
terminating ions for cations [16]. However, only the tetraalkyl ammonium 
ions with short alkyl chains have been used so far because the tetraalkyl 
ammonium ions with long alkyl chains can’t be dissolved in water readily, 
though long-chain tetraalkyl ammonium ions have lower mobilities 
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compared with short-chain ions.  
 
In the majority of CE cases, water based electrolyte buffers were 
employed due to its low cost, low viscosity, nonvolatility, safety and 
availability. However, there are cases in which such aqueous 
environments are not sufficient, for example, the poor resolution resulted 
from aqueous buffers in the previous chapter. As a result, Nonaqueous 
Capillary Electrophoresis (NACE) employed organic solvents instead of 
aqueous buffers has recently become more commonplace in CE 
application. These organic modifiers alter the properties of electrolyte 
buffers and influence the solvation of the analytes, and thus affect the 
susceptibility of the analytes to electrophoretic migration. 
EOF can be ultimately affected by the application of NACE. As indicated 
in chapter 1, the electroosmotic mobility (µeo) can be determined by the 
following equation:  
 
µeo = (εζ) / (4πη)                    (4.1) 
where ε is the permittivity of the solvent; ζ is the (zeta) potential and η 
means solution viscosity. The ability of the buffer to produce EOF is 
proportional to “εζ/η”, in which ζ is difficult to measure accurately and 
usually assumed to remain constant.  The “ε/η” values of water, methanol 
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and acetonitrile are 90, 61 and 110 respectively. Therefore, electrolyte 
buffers with methanol additives always lead to slower electroosmotic 
mobilities, while the addition of acetonitrile usually speeds up the EOF. 
The selectivity of NACE differs from aqueous CE also, since in different 
media, analytes have different autoprotolysis/autoionization constants, 
which means the extent that an analyte exists as free ions in solution or 
undissociated molecules. Thus, separation may be optimized by selecting 
a solvent that can differentiate between analytes based on their degrees 
of ionization. This is why the choice of an appropriate solvent may yield 
separations that are impossible with aqueous electrolyte buffers. 
NACE has been applied to the separations of peptides, drugs, surfactants 
and so on [17-19]. Recently, tITP has been proven to be an effective 
method to concentrate samples in NACE [20]. Moreover, it makes the use 
of hydrophobic compounds as terminating ions in tITP possible.  
The study in this chapter tested the possibilities of applying long-chain 
tetraalkyl ammonium ions as terminating ions for tITP in NACE. Five basic 
drugs (berberine, atropine, norephedrine hydrochloride, synephrine and 
2-amino-1-phenylethanol) were tested and the important working 
conditions were illustrated. Among them, the last three drugs belong to the 
group of “beta-blockers”, which can "block" the effects of adrenaline on 
body's beta receptors and are used to treat high blood pressure, 
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congestive heart failure, abnormal heart rhythms and chest pain. All the 
five basic drugs belong to the class of alkaloids. Though those drugs can 
be synthesized chemically today, they were extracted from herbal 
medicine originally.  For example, berberine was the main active 
component of Coptidis Rhizoma (Huang Lian), norephedrine was found 
from Ephedra Sinica (Ma Huang) and atropine was developed from the 
extractants of Stramonium. 
 
4.2 Experimental: 
4.2.1 Chemicals and Instrumentation 
Berberine hydrochloride was supplied by the National Institute for the 
Control of Pharmaceutical and Biological Products of China (NICPBP, 
China). Atropine, tetrahexylammonium bromide, tetrakis(decyl)ammonium 
bromide Tetradodecylammonium bromide were purchased from Fluka 
(Buchs, Switzerland). Tetrabutylammonium Bromide was the product of 
Merck (Schuchardt, Germany). Three basic drugs of Beta-blockers 
(norephedrine hydrochloride, synephrine and 2-amino-1-phenylethanol) 
and tetraoctylammonium bromide were purchased from Aldrich 
(Milwaukee, USA).  All reagents were of analytical grade. Water (≥18 MΩ) 
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used throughout the experiments was generated by a NANOpure 
ultrapure water system (Barnstead, IA, USA). 
All CE experiments were carried out using a CE-L1 Capillary 
Electrophoresis System (CE Resources Pte Ltd, Singapore) with the 
SPD-10A UV-Vis detector of Shimadzu Co. (Kyoto, Japan). The 
separation voltage was 20 kV. Data acquisition and recording of 
electropherograms were accomplished with a CSW Chromatography 
Station (Data Apex, Czech Republic). 
Fused silica capillary (50 µm i.d.) was the product of Polymicro 
Technologies (Phoenix, USA). The total length of the capillaries was 58.0 
cm, and the effective length from the injection end to the detection window 
was 43.0 cm. The capillary was rinsed with chloroform, 0.1 M NaOH, 
water and the electrolyte buffers for 10 min each. The electrolyte buffer 
was refreshed and the capillary was rinsed according to rinse procedure 
again after every 10 runs.  
 
4.2.2 Procedures 
All standard solutions of the drugs were prepared in methanol. To prepare 
working solutions, standard solutions of drugs were diluted into mixtures 
of water and methanol with different methanol percentages. 0.1 M 
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tetraalkylammonium bromides were dissolved respectively into mixtures 
of water and methanol too. 
The electrolyte buffer containing 79% (v/v) methanol, 40 mM ammonium 
acetate and 17.4 mM acetic acid was prepared daily. Samples were 
introduced into the capillary by hydrodynamic mode for 60 s (0.30 P.S.I.). 
For the introduction of the terminating ion, hydrodynamic loading was 
applied to 0.1 M tetraalkylammonium solutions for 60 s (0.30 P.S.I.) after 
sample introduction. Detection was made at 200 nm because all of the 
five drugs (berberine hydrochloride, atropine, norephedrine hydrochloride, 
synephrine and 2-amino-1-phenylethanol) have good absorbances at this 
wavelength. 
 
4.3 Results and discussion: 
4.3.1 Electrolyte buffer 
NACE had been applied to the separation of alkaloids in chapter 3. 
Nonaqueous buffers achieved good separation efficiency among alkaloids 
and higher concentrations of methanol gave better separations and longer 
retention times [21]. 40 mM  ammonium acetate, 80% (v/v) methanol and 
20% (v/v) water were selected to form nonaqueous buffer, and a small 
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amount of acetic acid was added to maintain an acidic environment, which 
dissolve those alkaloids well. The concentrations of acetic acid and 
ammonium acetate were limited because the high ionic strength caused 
an unstable baseline and large background noise. Therefore, 40 mM 
ammonium acetate and 17.4 mM (0.1%, v/v) acetic acid were applied in 
this study too.  
NH4+ ion worked as the leading ion during the tITP procedure, while the 
tetraalkylammonium solutions introduced after sample introduction were 
applied as terminating ion. The mechanism of the developed method to 
concentrate sample was illustrated in Figure 4.1. An ITP state occurred at 
the beginning of the analysis. Compared with the mobilities of analytes, 
NH4+ in electrolyte buffer had higher mobility and tetraalkylammonium ion 
possessed lower mobility. Thus, analytes were trapped and concentrated 
between the zones of leading and terminating ions. Subsequently, the 
zone of terminating ions was penetrated by co-ion and electromigratively 
dispersed, the analytes were then de-stacked and migrated with the 
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Fig. 4.1 Four stages during the tITP procedure. E: zone of co-ion in 
electrolyte buffer; T: terminating ion zone; S: sample zones; E+T, zone 
contained both electrolyte buffer co-ion and terminating ion. 
 
To select the percentage for methanol or water in electrolyte buffer, there 
are mainly two concerns. First, the percentage of methanol influenced the 
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order of alkaloid peaks. Second, a low percentage of methanol was 
preferred because the mobilities of hydrophobic compounds decreased 
with the decrease of methanol percentage. But the long chain 
tetraalkylammonium compounds were unstable during CE separation 
when the percentage of methanol in the electrolyte buffer was too low. For 
instance, irregular baseline and distorted peaks were formed when the 
tetradodecylammonium bromide was applied as terminating ion with 75 % 
(v/v) methanol. It means that methanol percentage should be kept as low 
as possible but must be higher than 75 % (v/v).  
However, 75% methanol could not give enough resolution of the five 
drugs. Tests with gradually increased methanol percentage were 
performed. The percentage of methanol in the separation solution was set 
to 79 % (v/v) finally, which satisfied both the requirements of smooth 
baseline and enough resolution. 
 
4.3.2 Mobilities of tetraalkylammonium ions in nonaqueous solution 
To select the best terminating ion, 5 kinds of 0.1 M tetraalkylammonium 
ions were studied. Figure 4.2 shows the terminating effects of ions with 
different lengths of alkyl chains in NACE. As expected, 
tetraalkylammonium ions with longer alkyl chains had lower mobilities. 
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The tetrabutylammonium ion possessed so high a mobility that its only 
effect is broadening those peaks instead of sharpening. Similar results 
were observed also when the tetrabutylammonium ion was applied to 
aqueous buffer systems containing same concentrations of ammonium 
acetate and acetic acid. In contrast with sharp boundary formed between 
sample zone and lower mobility terminating zone, the boundary between 
sample zone and tetrabutylammonium ion zone was a diffuse one. The 
tetrabutylammonium ions continually migrated into the sample zone, 
decreased the field strength of the rear part of sample zone and reduced 
the migration speed of sample ions in the rear part. At the same time, the 
foreside of sample zone migrated with the same speed of leading ions. 
This is why the sample ion zone was broadened. Since this experiment 
was designed for tITP, the tetrabutylammonium ions took a quite long time 
to penetrate the sample zone. Thus, the zone broadening effect was 
amplified.    
Among other tetraalkylammonium ions, tetradodecylammonium ion was 
selected as the most suitable terminating ion because of its lowest 
mobility and its potential to achieve the tITP effect with the drugs selected. 
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.2  tITP electropherograms with different terminating ions. 
olyte buffer contained 40 mM ammonium acetate, 79 % (v/v) 
nol and 0.1 % (v/v) acetic acid. Applied voltage, 20 kV. Sample 
rminating ion introduction, hydrodynamic mode 0.3 P.S.I. for 60s 
 Sample was prepared in 1:1 water/methanol solution. 
nating ions were dissolved in methanol: A, tetrabutylammonium 
(dissolved in water); B, tetrahexylammonium ion; C, 
ctylammonium ion; D, tetradecylammonium ion; E, 
odecylammonium ion. 
ing of the TITP effect  
he tetradodecylammonium ion had very low mobility, it still wasn’t 
gh for satisfying ITP performance. As mentioned above, the 
 of hydrophobic compounds decreased when the percentage of 
l decreased in the electrolyte buffer of NACE, but too low a 
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methanol percentage caused hydrophobic compounds to be unstable and 
the baseline to be irregular (showing humps). Consequently, the 
percentage of methanol in electrolyte buffer couldn’t be reduced further for 
achieving lower mobility of terminating ion. Hence, the percentages of 
methanol in the sample and terminating ion solutions, which can be 
optimized, became the key factors that influenced the performance of this 
tITP procedure. 
Obviously, the decrease of methanol percentage in the terminating ion 
solution could lower the mobility of the terminating ion at the beginning 
phase of tITP, but there was still a strict limitation since low methanol 
percentage (<94%) would make the terminating ion solution turbid.   
Similarly, the decrease of methanol percentage in the sample solution 
also made the terminating ion migrate slowly at the important ITP state 
and resulted in longer time for sample stacking. Too low a methanol 
percentage in the sample solution, for example 25 % (v/v), led to the 
instability of baseline also. However, compared with the water percentage 
in the electrolyte buffer, the water percentage in the sample could be 
adjusted in a relatively large range since the sample occupied only a small 
part of the capillary and couldn’t influence the stability of the baseline 
significantly.  
The results of adjusting water percentages in the sample solutions and the 
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terminating ion solutions are given in Figure 4.3. tITP was applied 
successfully with the baseline separation of 5 drugs, when the methanol 
percentages of the sample and terminating ion solutions were adjusted to 
50 % (v/v) and 94 % (v/v), respectively.  
 
4.3.4 Rinse procedure  
In nonaqueous electrolyte buffers, tetradodecylammonium ion didn’t 
interact with the inner capillary wall evidently. However, the conditioning of 
capillary is usually performed by rinsing with sodium hydroxide, water and 
buffer in succession. The pure aqueous environment during the rinse 
could make the terminating ion remaining in the capillary solidify and 
contaminate the capillary inner wall. To solve this problem, an organic 
reagent should be used for removing all of the terminating ion from the 
capillary before the usual rinse procedure. Methanol and chloroform were 
tested. It was confirmed that chloroform was more suitable and efficient 
than methanol because it wasn’t miscible with water and prevented the 
terminating ion dissolved in it from re-entering the aqueous phase. In this 
study, chloroform was always used first during the capillary rinse.  
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.3 The effect of the water percentages of sample and terminating 
lutions.  A, sample was dissolved in methanol, terminating ion 
odecylammonium) was dissolved with 6 % (v/v) water in 
nol; B, sample was dissolved in 1:1 water/methanol, terminating 
as dissolved in methanol; C, sample was dissolved in 1:1 
/methanol, terminating ion was dissolved with 6 % (v/v) water in 
nol. The order of drugs from short migration time to long 
tion times was: 2-amino-1-phenylethanol, berberine, 
hedrine, synephrine and atropine. Other conditions as in Fig. 4.2. 
aration of 5 drugs after tITP procedure 
loading amounts of the terminating ion solution influenced the 
edure significantly by changing the times that the initial ITP state 
mall amount of terminating ion loading resulted in only a short 
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ITP time and limited ITP effect. On the contrary, too large amount of 
loading caused so long an ITP time that the analytes couldn’t have 
enough time to be separated in CZE mode and be detected as separated 
peaks. The loading amount of sample is obviously important too, since 
larger sample introduction lead to more sensitive detection. 
With a fixed 60 s sample introduction, 30, 60 and 90 s terminating ion 
loadings were tested, and longer loading time caused better ITP effect. 
However, the peak of atropine would co-migrate with the system peak 
when 90 s loading of terminating ion solution was applied. Same 
phenomenon were found when sample introduction times were changed 
to 30 and 90 s. Therefore, the loading time of terminating ion solution was 
set to 60 s.  Experiments regarding sample introduction amount were 
studied subsequently. After 60 s loading of 0.1 M tetradodecylammonium 
ion solution, 30, 60 and 90 s sample introductions were applied. A 60 s of 
sample introduction was proven suitable while baseline separation of the 
5 alkaloids can’t be achieved when sample introduction time was 
increased to 90 s.  
The electropherograms with and without tITP procedure are compared in 
Figure 4.4. The separation efficiency was improved significantly after the 
application of tITP procedure.  
Drug mixtures at six concentration levels, from 0.5 mg/L to 50 mg/L, were 
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measured and the peak areas were calculated. Calibration curves of all 
the 5 drugs exhibited linearity over the concentration range with the 
correlation coefficients (R2) between 0.9979 and 0.9994 (Table 4.1). The 
repeatabilities of peak areas (R.S.D., 0.92-2.02%) were measured by six 
injections of a standard solution containing 20 mg/L of each drug. 
Detection limits (S/N=3) of the 5 drugs ranged from 0.14 mg/L to 0.29 
mg/L. Compared with LOD values obtained under normal CZE, the 
detection limits of the tITP method were enhanced about 8-10 times. 
 
 

















0.9979 1.68 0.21 1.98 9.4 
Berberine 0.9979 2.02 0.18 1.75 9.7 
Norephedrine 0.9981 0.92 0.22 1.94 8.8 
Synephrine 0.9983 1.92 0.14 1.30 9.3 


















Fig. 4.4 Electropherograms wit
The concentrations of drugs we
Fig. 4.3, C. Alkaloid peaks: 1, 2
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4.3.6 Applications to real sample
To investigate the applicability of
samples were tested subsequently
were taken by a volunteer. Subse
collected and applied to the tITP 
shown in Figure 4.5. The peaks of 
concentrations were very near the 





h and without tITP procedure.  
re 30 mg/L each. Other conditions as in 
-amino-1-phenylethanol; 2, berberine; 3, 
 atropine. 
s 
 the tITP procedure established, two 
. 10 mg amounts of each of the drugs 
quently, the urine of the volunteer was 
procedure. The electropherogram was 
the 5 drugs can be found. However, the 
detection limits and less than the linear 
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range of our calibration curves.  
To obtain data for the calculation of recoveries, 5 mg/L each of the drugs 
was spiked into the urine sample. Recoveries of drugs ranged from 96.8 
% to 103.3 %.  
 
















Fig. 4.5  Application of tITP to the urine sample.  
Running conditions as in Fig. 4.3, C. Alkaloids: 1, 
2-amino-1-phenylethanol; 2, berberine; 3, norephedrine; 4, synephrine; 
5, atropine. 
 
Another sample tested was a Chinese prepared medicine (CPM)(San 
Huang Pian), which contained a large amount of berberine hydrochloride. 
1 g of the pulverized drug was immersed in 10mL methanol at room 
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temperature for 10 hours. After 30 min ultrasonication, the solution was 
passed though 0.20 µm filters and made up to mark in a 50 ml volumetric 
flask. The final ratio of methanol to water was 1:1. Though the 
concentration of berberine hydrochloride was relatively high in the solution, 
large amounts of sample loading didn’t result in broad peaks (Figure 4.6). 
The concentration of berberine hydrochloride in the tested solution and 
original CPM drug were 38.5 mg/L and 1.93 mg/g, respectively.  
 

















Fig. 4.6 Application of tITP to the extractant of San
Running conditions as in Fig. 4.3, C.  
 
       Berberi10 11
Time [min.]
 
 Huang Pian 
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4.4 Concluding remarks 
tITP is an efficient sample preconcentration procedures for improving LOD. 
An ITP state exists at the beginning of the procedure by introducing both 
leading and terminating ions into the running system. Normally, the tITP 
procedure was applied in aqueous environment and hydrophilic 
compounds were used as leading and terminating ions. Unlike most 
previous tITP procedures using hydrophilic compounds as leading and 
terminating ions in aqueous environment, this study focused on the 
application of hydrophobic compounds in tITP as terminating ions, which 
was made possible by NACE. Since there are many species of 
hydrophobic compounds and the large alkyl or aryl structures of those 
compounds can lead to low mobilities in capillary electrophoresis, the 
introduction of hydrophobic compounds into tITP as terminating ion can 
broaden the applicable range of the tITP procedure and achieve ITP effect 
under more flexible running conditions. 
Five basic drugs were determined successfully by using 
tetradodecylammonium ion as terminating ion in NACE. Large amount of 
sample loading didn’t cause broad peaks and good separation efficiency 
was kept. Compared with normal CE method without tITP effect, the limit 
of detection was enhanced by about 8-10 times. Results showed that the 
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water percentages in the sample and terminating ion solutions influenced 
the ITP effect too; this finding gives a new method for adjusting the ITP 
effect without the changing of leading or terminating ions. An effective 
rinse procedure of the capillary was developed. The tITP method gave 
satisfactory results in the analyses of the urine sample and the CPM 
extractant. The results of this study may be extended readily to the 
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Chapter 5  On-Chip Potential 
Gradient Detection Of Alkali Metals 




Sophisticated lithographic methods led to the introduction of the concept 
of micro-total analysis system by Manz and Widmer [1,2]. In theory, a true 
µ-TAS includes all of the components needed to perform an analysis, 
such as power supplies, sample preparation, separation and detection. 
There are several incentives of chip-based integrated separation systems, 
including the improvement of analytical performance, better component 
integration, reduced costs, automation, increased separation speed and 
throughput [3-6].  
The chip-CE separation systems, originally pioneered by Harrison and 
Manz between 1990 and 1991[7], have been studied in many applications. 
The most important and successful application of chip-CE system is the 
analysis of DNA [8-10]. To date, laser-induced fluorescence detection is 
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widely accepted and plays a dominant role because of its sensitivity and 
compatibility with chip-CE.  However, derivatization is necessary often 
since many important analytes are not strongly fluorescent; and the LIF 
instrument itself is relatively large and impedes the chip integration. As 
compared with LIF, electrochemical (EC) detection offers its own 
advantages and is ideally suited for realizing on-chip detection [11,12].  
There are mainly three EC detection modes applied to CE separation so 
far [13-15]: amperometry, potentiometry and conductivity detections. In 
previous reports, amperometric detection is the most widely used among 
those three modes. Care has to be taken to eliminate or minimize 
interference of the separation voltage and the resulting current for EC 
detection. The voltage gradient can be reduced by locating the electrodes 
exactly opposite to each other; on the other hand, “off-column” detections 
are reliable also and used more often.  For normal CE, EC detection is 
difficult to achieve since either a small gap has to be created by breaking 
the capillary, or micromanipulation is needed to align the capillary and 
electrodes. EC detection could be integrated on chip easily. However, 
on-chip EC detection, especially the conductivity detection, encountered 
problems also. The hydrolysis of water and gas bubble formation would 
take place at the electrode surface at high field strength, for example, 
above 100 V/ cm [16]. Contactless conductivity detection, which requires 
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sophisticated electronic circuits to perform, was applied to solve the 
problem in several reports [17-19]. 
Potential Gradient Detection (PGD) is based on the changes in the 
electric field strength between zone boundaries during electrophoresis. 
The electric field strengths in different zones are inversely proportional to 
the ionic mobilities of respective zones. Therefore, PGD originates from 
the differences in mobility between migrating zones, and is applicable to 
all charge-carrying compounds [20]. It is similar to conductivity detection, 
but it does not require alternating or direct current to perform 
measurement.    
A portable analytical system possesses great advantages in on-site and 
field analyses, since it reduces the analysis time and contamination, and 
omits the procedure of sample preservation [21]. Moreover, the size 
reduction of the whole chip-CE system is preferred to realize the benefits 
of miniaturization. In this chapter, a portable CE system with PGD was 
developed and applied to the determinations of alkali metals and alkaloids. 
The power supplies, separation and detection sections were built on a 
device of 3 kg in weight, 32 cm in length, 23 cm in breadth and 15 cm in 
height. A branch channel near the end of the separation channel was 
designed to perform PGD and make detection under the relatively high 
field strength possible. 
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 5.2 Materials and methods 
5.2.1 Microfabrication 
The glass microchips were fabricated using standard photolithographic 
and wet-etching techniques as illustrated in Figure 5.1 below [22].  
The glass plate was first cleaned in a mixture of concentrated H2SO4 and 
H2O2 (70:30, v/v) for 15 min, followed by rinsing with deionised water 
before being subjected to drying in an oven (~85°C). After cleaning, 
photoresist (Shipley, Newton, MA) was spin-coated (3000 rpm for 1 min) 
on the cleaned glass plate and then soft-baked at 95°C for 30 min (Figure 
5.1 a). 
Subsequently, the design (by AutoCAD) from a template was transferred 
onto the glass plate with positive photoresist using UV exposure as 
illustrated in Figure 5.1 b. After which, the photoresist was developed 
using a developer solution (Shipley, Newton, MA), exposing the substrate 
beneath the areas that were exposed to light for channel definition (Figure 
5.1 c). 
Following a hard bake at 125°C for 30 min, the exposed glass was etched 
in a slowly stirred etching solution (NH4F: HNO3: H2O = 20:14:66, v/v/v) 
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(Figure 5.1 d). The depth of the channels etched was controlled by etching 
time, while the shape of the groove was dependent upon etching 
conditions and the crystalline orientation of the substrate. In this case, 
isotropic wet etching in glass yields trapezoidal-shaped grooves. The 
remaining photoresist present was removed using acetone as seen in 
Figure 5.1 e. The etched glass plate was cleaned as described earlier 
again. 
A 10:1 weight mixture of polydimethyl siloxane, PDMS prepolymer and 
curing agent (Sylgard 184 silicone elastomer kit, Dow Corning, Midland, 
MI) was cast in a flat-bottomed dish and cured for 5 hours in an oven at 70 
℃. After which, five access holes (2mm diameter) coinciding with the ends 
of the channels were drilled in the pre-prepared PDMS polymer cover 
plate. This can be then placed on the cleaned, etched glass plate (Figure 
5.1 f) to form a closed network of channels. Care must be taken to 
carefully press out air bubbles present at the channels before utilization 
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separation channel was 6 cm in length (5.3 cm from the injection cross to 
the buffer waste reservoir). The length from the buffer reservoir to the 
injection cross was 0.7 cm and the same length was kept from the injection 
cross to the sample reservoir or the sample waste reservoir. A branch 
channel 0.2 mm away from the end of the separation channel near the 
buffer waste reservoir was designed; an electrode was installed into the 
reservoir at the end of branch channel. Potential value in the reservoir was 
continually measured by this electrode. Another potential value was 
collected from the electrode in buffer waste reservoir, which was usually 
grounded during separation. The electropherograms were acquired finally 





PGD electrode Sample Reservoir 
Branch Channel 
Buffer Reservoir 
Buffer Waste Reservoir 
Sample Waste Reservoir
 
Fig. 5.2 Layout of the microfabricated channels.  
Access holes are 2 mm in diameter. 
 
The resulting CE channels possessed an average width of 70 µm (about 
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90 µm at the top and 50 µm at the bottom), all channels were about 10 µm 
deep.  
 
5.2.3 Reagents and apparatus 
Brucine was supplied by the National Institute for the Control of 
Pharmaceutical and Biological Products of China (NICPBP, Beijing, 
China). Strychnine was purchased from Sigma (St. Louis, MO,USA). 
Other reagents were of analytical grade. Water (≥18 MΩ) used throughout 
the experiments was supplied by a NANOpure ultrapure water purification 
system (Barnstead, IA, USA). The sample solutions of alkali metals were 
prepared in water. The sample solutions of strychnine and brucine were 
dissolved in 1:1 (v/v) methanol and water. The electrolyte buffers and 
sample solutions were prepared daily. 
CE experiments were carried out with the CE-P1 Capillary Electrophoresis 
System (CE Resources, Singapore). PGD was made by inserting Pt 
electrodes into reservoirs on the chip. Data acquisition and recording of 
electropherograms were accomplished with a CSW Chromatography 
Station (Data Apex, Czech Republic). 
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5.2.4 Procedure for CE experiments 
The microfabricated glass microchips were rinsed with hot H2SO4/H2O2 
and water first, followed by 0.1 M NaOH and water. Then the glass pieces 
were dried by pure nitrogen gas flow. The seal of PDMS slabs to the glass 
pieces defined the micro-fabricated channels.  
After the injection of the electrolyte buffer into reservoirs, the channels 
were filled automatically due to the clean surface of glass. Sample 
introduction was made by applying 2 kV to the sample reservoir 10 s; the 
sample waste reservoir was maintained at ground with other reservoirs 
floating. After sample introduction, 2 kV voltage was applied to buffer 
reservoir for separation; buffer waste reservoir was maintained at ground 
with other reservoirs floating. The CE experiments were carried out at a 
temperature of 24.5 oC ± 0.5 oC. To avoid the changes of buffer 
compositions during the separation, the electrolyte buffer in reservoirs was 
replaced after every run. 
For the quantification of alkali metals, the sample loading was performed 
by means of a fluid changing procedure. Electrolyte buffer was replaced by 
sample in the buffer reservoir first. After 5 s electrokinetic sample loading 
at 500 V, the buffer reservoir was rinsed by electrolyte buffer two times, 
and then filled by buffer again. Sample reservoir and sample waste 
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reservoir in Figure 5.2 weren’t used by this sample loading procedure.  
 
5.3 Results and discussion 
5.3.1 Microchip Design 
The length of the separation channel from injection cross to buffer waste 
reservoir was 5.3 cm, the lengths of other channels from injection cross to 
sample, buffer and buffer waste reservoirs were the same (0.7 cm) to give 
the above three channels similar resistances.  
During CE separation, the electric field strengths among the zones of 
buffer and analytes are different. The electric field strength is inversely 
proportional to the ionic mobility. Therefore, the separation potential is not 
distributed uniformly along the channel. High potential exists in migrating 
zones with low mobilities; in contrast, low potential exists in zones with 
high mobilities.  
Figure 5.3 illustrates the operation of PGD on the chip designed. Three Pt 
electrodes were required to perform CE separation with PGD. The 
electrode inserted into the buffer reservoir was connected to the high 
voltage; the electrode inserted into the buffer waste reservoir was 
grounded. The third electrode was inserted into the reservoir on the top of 
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the branch channel to measure the potential changes between this 
reservoir and the buffer waste reservoir. Zones of analytes possessed 
different electric field strength compared with the electrolyte buffer zone. 
When sample components passed through the cross of side channel, the 
potential value of the analyte zone was detected.  
 
 
(1) (2) (3) 
 
Fig. 5.3 Three stages of PGD on chip 
 
Under relatively high field strength, water will be hydrolyzed and gas 
bubbles will be formed on electrode surface. If the electrode is located in 
the separation channel, the gas bubble formation will hinder the stability of 
separation current. However, the design of the branch channel proved to 
be an easy way to solve this problem for “on-column” EC detection. 
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During this study, 333 V/cm electric field was applied along the separation 
channel, no noticeable effect resulted from the high field strength for 
separation was observed. Though the hydrolysis of water and gas bubble 
formation might still exist on the electrodes performing PGD, the detection 
electrodes were within reservoirs and gas bubbles wouldn’t enter the 
channels.  
 
5.3.2 Separation of alkali metals 
As mentioned above, PGD detects the differences in mobilities between 
migrating zones. It means that co-ion in the electrolyte buffer must be ions 
with low mobilities for measuring the ions in the sample with high 
mobilities; whereas, co-ion with high mobility must be selected for 
detecting ions with low mobility.  
A mixture of K+, Na+ and Li+, 2 mM each, was separated and detected by 
the portable chip-CE system in order to demonstrate the application of the 
system to ions with high mobilties. The electrolyte buffer contained 10 mM 
Tris(hydroxymethyl)methylamine (TRIS) and 5 mM lactic acid, the pH 
value was adjusted by acetic acid to 4.5. Since all analytes in this chapter 
(alkali metals and alkaloids) were cations, slightly acidic pH values were 
kept to ensure effective protonation. Sample loading time was 10 s with 2 
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kV voltage. The electropherogram is shown in Figure 5.4, three metal ions 
were separated in 1 minute. The achieved plate numbers were 3200 for 
K+, 3400 for Na+ and 4120 for Li+, those efficiencies are rather competitive 
with those achieved by other chip-CE studies with conductivity detectors 
for separating alkali metals [16,18,19,23].  
 






















Fig. 5.4 Electropherogram for separation of 2 mM K+, Na+ and Li+.  
Electrolyte buffer, 10 mM TRIS, 5 mM lactic acid, pH 4.5. Sample 
loading, 2 kV 10s. Applied voltage for separation, 2 kV. 
 
Unlike in CE where both hydrodynamic and electrokinetic sample loadings 
can be used, microchips use almost exclusively electrokinetically driven 
sample loading as they have the advantage of only requiring application of 
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electric potentials to the devices. There are mainly two sample loading 
methods, “Floating sample loading”, “Pinched sample loading”.  
As seen from Figure 5.5, the “floating sample loading” scheme utilized is 
such that during injection, the buffer reservoir (2) and buffer waste 
reservoir (4) are left to float, which means no voltage is supplied while an 
injection voltage is supplied between the sample waste reservoir (3) and 
the sample reservoir (1). Slight diffusion of the sample plug into the 
vertical channel is inevitable since no voltage is supplied at buffer 
reservoir and buffer waste reservoir to supply incoming buffer to confine 
the sample plug primarily at the short, horizontal channel. As a 
consequence, a more diffuse injection plug results. Similarly, the sample 
reservoir and sample waste reservoir are left to float when separation is 
carried out. In this case, a separation voltage is applied to the buffer waste 
reservoir and the buffer reservoir. This helps to drive the buffer solution 
from the buffer reservoir down the separation channel, pushing the 
sample towards the detection point. However, since no voltage is applied 
at the sample reservoir and sample waste reservoir, with reference to 
Figure 5.5 again, it is possible for sample solution from the sample 
reservoir and any waste from the sample waste reservoir to diffuse into 
the separation channel while separation is on-going. No doubt, this 
decreases the efficiency of the separation process and results in 
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Fig. 5.5 Illustration of the movement of the sample in the separation 
channel through eddy flow during sample injection and separation via 
the “floating sample loading” scheme. 
 
 
In principle, diffusion at intersecting channels could be controlled by 
adjusting the potential of all reservoirs that contact the intersection. The 
pinched sample loading technique counteracts the poor selectivity 
resulted from floating sample loading since it is superior in terms of its 
temporal stability and the ability to generate well-defined short axial extent 
sample plugs suitable for high performance separations, when compares 
to the “floating sample loading” scheme. This can be achieved by spatially 
confining the sample in the cross intersection before dispensing it into the 
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electrokinetically confined by the incoming buffer streams from the buffer 
reservoir (2) and the buffer waste reservoir (4) and by the electric field 
distribution. In the separation step, to prevent sample leakage into the 
separation channel and achieve a short axial extent sample plug, an 
electric field must be applied to the sample reservoir and sample waste 
reservoir to draw sample back from the intersection. This is demonstrated 
in Figure 5.6. Similar to pinched sample loading method, “Gated sample 
loading” is another method to cleave a sample plug for separation by 










 4 4 
 
 
Fig. 5.6.    Schematic diagram of the pinched injection technique. 
 
This huge contrast in the injection plug length and extent of diffusion as 
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seen in Figures 5.5 and 5.6 made the pinched injection technique highly 
suitable and useful to improve the resolution problem. However, during 
the sample loading and separation procedures in this study, only two 
electrodes instead of four electrodes were available with the CE-P1 
instrument to provide voltages. It limited the application of the pinched 
sample loading scheme. Sample diffusion from sample and sample waste 
channels was found which led to the contamination of the separation 
channel finally. After more runs, the peak areas of alkali metals became 
smaller. Therefore, the fluid changing procedure described in section 
5.2.3, which was found to improve reproducibility, was adopted to acquire 
quantification data. The repeatabilities (R.S.D., 6.66% for K+ and 5.52% 
for Na+) were measured from six injections of a solution containing 4 mM 
of K+, Na+ each. Standard mixtures of alkali metals at 5 concentration 
levels ranging from 1.25 to 20 mM were measured and peak areas of K+, 
Na+ were calibrated by comparing the peak areas of K+, Na+ with the peak 
area of Li+. The correlation coefficients (R2) for K+ and Na+ were 0.9966 
and 0.9927 respectively. Detection limits (S/N=3) of the 3 metal ions were 
about 1 mM, which are close to the detection limits in previous reports 
using conductivity detection methods. 
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5.3.3 Separations of two alkaloids 
In order to test the applicability of the system to ions with low mobilities, 
strychnine and brucine, two toxic alkaloids contained in the seed of 
strychnos pierrian, were separated by the chip-CE system. The two 
alkaloids act as cations in acidic solution. At first, separation was 
performed in 40 mM ammonium acetate buffer; pH value was adjusted to 
5 by acetic acid. Sample loading time was 30 s with 2 kV. However, the 
separation efficiency was not good enough. Figure 5.7 shows the 
separation of alkaloids with concentration 50 mg/L each (0.150 mM for 
strychnine and 0.127 mM for brucine).  
Compared with co-ions in electrolyte buffer, high mobility analyte ion 
zones have low electric field strengths and provide low potential outputs, 
while low mobility analyte ion zones give high potential outputs. Since 
positive peaks were achieved from alkali metals, negative peaks were 
shown by alkaloids.  
Figure 5.7 also showed that there might be a system peak with the 
migration time of 1.1 minute. Possible formation mechanism is the 
“Vacancy System Peak” [24,25]. Sample solution was made by dissolving 
alkaloids into the mixture of methanol and water, instead of electrolyte 
buffer. Ammonium ion existed continuously in the buffer solution and 
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formed a vacancy in the sample segment. Because of the universal 
property of PGD and the large mobility difference between ammonium ion 
and neutral matrix, the vacancy system peak was detected.  
 




















Fig. 5.7 Separation of two alkaloids in aqueous buffer. 
Electrolyte buffer, 40 mM ammonium acetate buffer, pH value 5. 
Sample loading, 2 kV 30 S. Applied voltage for separation, 2 kV. S, 
Strychnine; B, Brucine. 
 
To improve the separation efficiency, NACE was tested with the chip-CE 
system by introducing methanol into the electrolyte buffer. NACE uses 
organic solvents instead of aqueous buffers and exhibits unique selectivity. 
Moreover, using methanol as the buffer additive made it easy to fill the 
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channels on chip automatically by capillary action, especially when the 
chip was partly made of the hydrophobic PDMS.  
Electrolyte buffer for NACE contained 40 mM ammonium acetate, 0.1% 
acetic acid and 50% methanol. A better separation of strychnine and 
brucine was achieved, NACE proved to be applicable for on-chip PGD. 
The electropherogram is given in Figure 5.8. Similar to conventional CE, 
the EOF was slower in nonaqueous buffer than in aqueous buffer.  



















Fig. 5.8  Separation of two alkaloids in nonaqueous buffer. 
Electrolyte buffer, 40 mM ammonium acetate buffer, 0.1 % acetic acid 
and 50 % methanol. Sample loading, 2 kV 30 S. Applied voltage for 
separation, 2 kV. S, Strychnine; B, Brucine. 
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5.4 Conclusion 
A portable chip-CE system with PGD was demonstrated and applied to 
the determinations of alkali metals and alkaloids. The power supplies, 
separation and detection were built on a device of 3 kg in weight. A branch 
channel near the end of the separation channel was designed to perform 
PGD and make the application of relatively high field strength possible. 
The plate number achieved appeared to be comparable to that achieved 
by previous reports. Similar to conductivity detection, PGD is applicable to 
all charge-carrying compounds. NACE proved to be suitable to PGD or 
conductivity detection also. The design of the chip-CE system shows 
several advantages, such as simplicity, miniaturization and wide 
applicability. PGD eliminates the micromanipulation with great care to 
position EC electrodes for “off- column” detection, it doesn’t require 
sophisticated electronic circuits to perform like contactless detection, and 
also it shows the flexibility under high field strength. In addition, further 
study about the sample loading procedure is valuable to give more 
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 Chapter 6   Conclusions  
 
CE has proved to be a powerful analytical technique that combines 
simplicity with high efficiency. This thesis mainly focused on development 
and optimization of CE for the separation and determination of 
components in natural products. Various detection methods and 
separation mechanisms were developed. Interesting results indicated that 
CE can be effectively applied for analysis of natural products. 
A capillary electrophoresis method was developed for the quantitative 
determination of trace metals (Cu, Fe, Zn, Co and Ni) in tea. Because of 
the weak absorbance of metal ions in the UV/Vis region, PAR was applied 
for chelating with trace metal ions and forming intense colour complexes. 
Five metals were separated and determined in 10 min by a single run with 
correlation coefficients (R2) greater than 0.999. Detection limits (S/N=3) of 
Co, Fe, Cu, Zn and Ni varied from 6 µg/L to 30 µg/L.  
Alkaloids were studied as emphasis in the thesis. A capillary 
electrophoresis method has been successfully developed for the 
determination of five toxic alkaloids in both Aconite root and seeds of 
Strychnos pierrian.  Five alkaloids were determined in 15 minutes by a 
single run. The calibration curves showed a linear range from 2 mg/L to 
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200 mg/L for these alkaloids with correlation coefficients (R2) between 
0.9988 and 0.9999.  Detection limits (S/N=3) varied from 0.85 mg/L to 
1.90 mg/L. The method can provide an effective tool for the strict control 
of these fatal herbal medicine components. Subsequently, the preparation 
procedures of these two Chinese Medicines were studied by applying 
CE-MS method, because some products of alkaloids after preparation 
may lose the UV functional groups. Application of the ESI technique 
ensured the generation of mass spectra with only one dominating signal 
corresponding to the protonated ion [M+H]+. Combining two generally 
accepted powerful analytical techniques, the coupling of CE with MS was 
successfully applied to the analysis of alkaloids in herbs before or after 
preparation and acquired better sensitivity than UV detection. Further 
studies can be performed to identify the products of preparation of 
strychnine and brucine. The confirmation of the final hydrolysis products 
of Aconitum alkaloids is worth.  
For CE-MS coupling, NACE was applied and had provided its attractive 
usefulness for the separation of alkaloids. In addition, NACE made the 
application of hydrophobic compounds in tITP as terminating ions 
possible. tITP is an efficient sample preconcentration procedures for 
improving LOD. Normally, the tITP procedure was applied in aqueous 
environment and hydrophilic compounds were used as leading and 
       142
terminating ions. In this thesis, five basic drugs were determined 
successfully by using tetradodecylammonium ion as terminating ion in 
NACE. Large amount of sample loading didn’t cause broad peaks and 
good separation efficiency was kept. The limit of detection (LOD) was 
enhanced by about 8-10 times. The introduction of hydrophobic 
compounds into tITP as terminating ion will broaden the applicable range 
of the tITP procedure. 
Microfabricated CE system was also studied in this thesis. The PGD was 
demonstrated for the successful determinations of alkali metals and 
alkaloids on a chip. The plate number appeared to be comparable to that 
achieved by other reports. This PGD on chip system allowed the 
application of relatively high field and was more close to the concept of 
“miniaturization” since it needed only a quite small device to perform. The 
separation efficiency and operation performance of the microfabricated 
system can be optimized further. Better microfabrication methods and 
multi-channel power supply will be helpful.  
Due to the advantages such as high separation efficiency, simple 
instrument, short analytical time, small sample requirement, CE has been 
one of the most advanced separation and determination techniques. With 
experiences acquired from the work, CE will show its great potentials in 
the field of clinic and food science researches.  
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